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1. Introduction 
1.1 Introduction of the study entitled “normal body temperature of healthy young 
adults at rest in a thermoneutral environment”. 
 In most animals, body temperature is an important determinant for metabolism, 
movement, and neural activity [1–3]. Homeothermic animals, in particular, maintain a 
constant body temperature using various autonomic and behavioral processes [4]. 
However, the meaning of the term body temperature is sometimes vague. In large 
animals, including human beings, the body temperature represents the temperatures of 
two separated physical compartments: core and shell [5], and reports indicate that 
thermal inputs from both core body and skin activate thermoregulatory responses [6,7]. 
 I propose that the core body temperature is used as a surrogate for the body 
temperature in clinical medicine, and accurate monitoring involves placement of a 
thermometer such as a thermistor probe or thermocouple in the core body, e.g. rectum 
or esophagus [8,9]. More practical methods such as thermometry in the oral cavity, 
axilla, and ear canal are used in clinics and at home as the first step in the evaluation of 
infection, inflammation, and medication effects. These methods aim to assess core 
temperature although the temperatures measured are those of the body shell. Among 
them, axillary temperature measurement has been widely used to evaluate patient 
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temperature for years [9–11], probably due to the ease of axillary access [10]. However, 
the influence of the environmental temperature and incorrect placement of the 
thermometer lead to erroneous body temperature measurement [9]. Additionally, some 
more recently introduced digital thermometers, while capable of producing rapid results, 
utilize a predictive algorithm that could augment measurement errors and tend to show 
lower values [12–14]. 
 “Normal body temperature” was defined as the axillary temperature measured 
using a mercury thermometer (approximately 37.0 °C) [15]. However, axillary 
temperature varies among people, and temperatures ranging from 36.2 to 37.5 °C are 
accepted as normal [15,16]. This range may compensate for various factors that 
influence measurement. The factors include measurement errors and environment 
temperature. Moreover, I speculate that the wide range of axillary temperature reflects 
physical and physiological characteristics affecting the shell temperature, such as fat 
mass, skin blood flow, or basal metabolic rate. The existence of human temperature 
variation indicates that a comparison of an individual’s temperature with the normal 
range may not accurately evaluate their state of health. Instead, it is more important to 
compare the individual’s current temperature with their personal baseline temperature. 
For example, I can identify a fever based on a temperature that is 0.5 °C greater than 
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the personal normal temperature. 
 In the present study, I aimed to reevaluate the meaning of the normal body 
temperature determined by measurements of axillary temperature. Previous studies 
assessed the importance of axillary temperature measurements by comparing them to 
core temperature measurements [11–13,17–24]. However, these studies were limited to 
small groups, patients, and newborns. Therefore, I first compared the axillary and 
tympanic temperatures of over 100 healthy subjects of a similar age in the same 
thermoneutral environment and during the same season. Tympanic temperature was 
utilized as a surrogate for core temperature [25,26]. I also compared each subject’s 
perceived personal baseline body temperature with the axillary temperature I recorded. 
Finally, I tested my hypothesis that axillary temperature deviations are related to 
physical, physiological, and behavioral characteristics. 
 
1.2 Introduction of the study entitled “the effect of estradiol depletion on daily 
changes of body temperature and heart rate in female rats”. 
Women entering menopause often experience a decrease in plasma female 
hormones (i.e., estradiol and progesterone) and changes in the rhythms of hormonal 
secretions [27]. In addition, some women experience physical and/or mental disorders 
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(e.g., hot flashes, night sweats, and mood swings). Clinical data from patients who 
received surgical oophorectomy or hormone replacement therapy indicate that the 
disorders were caused by depletion of female sex hormones [28–31]. However, such 
disorders are not found during the pre-pubertal period and gradually disappear after 
menopause. Thus, it is speculated that the effect of estradiol depletion is transient. 
Hot flashes [32–34] are a common physical disorder in menopausal women and are 
characterized by the sudden onset of hotness and palpitation. During hot flashes, skin 
blood flow increases, sweating occurs, and core temperature decreases [35]. Their 
incidence may be related to daily rhythm, as several studies have reported that hot 
flashes occur at a specific time of a day [36–38]. Thus, the depletion of female 
hormones appears to affect thermoregulation, cardiovascular function, and circadian 
rhythmicity. This speculation is supported to some extent by research that indicates 
circulating estradiol is involved in thermoregulation in female rats. Uchida et al. (2010a, 
2010b) assessed the effect of estradiol on thermoregulation by comparing 
ovariectomized rats that did and did not receive estradiol replacement. They suggested 
that estradiol lessens the reduction in core temperature during cold exposure by 
affecting autonomic and behavioral thermoregulatory processes [39,40]. The influence 
of estradiol on heart rates has also been reported in female rats: they demonstrate 
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tachycardia after the depletion of plasma estradiol [41–44]. Ovariectomy augments the 
expression of the β1-adrenoreceptors of the cardiomyocytes in rats [45–47], which may 
affect heart rates by increasing pacemaker rhythm of the heart (i.e., chronotropic action) 
[48]. 
Depletion of plasma estradiol and progesterone starts within an hour after surgical 
removal of the ovaries in rats [49]. To assess the influence of estradiol depletion, 
previous studies have compared ovariectomized animals to 
sham-operated/estradiol-dosed animals [39,40,50] or investigated animals with genetic 
depletion of estradiol or estradiol receptors [51]. However, these studies could not clarify 
the time-effect after the estradiol depletion. In addition, I do not know if the influence 
includes the circadian components of the core temperature and heart rate. Thus, it 
remains unclear i) how the depletion of estradiol is manifested through thermoregulation 
and cardiovascular function, and ii) whether the influence is observed throughout the 
day or at a specific time of day. The aims of the present study were to clarify whether the 
depletion of plasma estradiol affected daily changes of core temperature and heart rates 
and how the effects changed after depletion. I conducted 24-h measurement of core 
temperature and heart rates after surgical removal of the ovaries or stopping estradiol 
replacement in ovariectomized rats, for 21 days. I investigated the effect of the changes 
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that altered plasma estradiol from high to low level, to replicate peri-menopause. In 
addition, I evaluated changes in plasma norepinephrine level and the expression of the 
β-adrenoreceptors of the cardiomyocytes. 
 
1.3 Introduction of the study entitled “the effect of estradiol depletion on 
thermoregulatory response and its circadian difference during a heat 
exposure in female rats”. 
 Depletion of estradiol is involved in body temperature regulation in female animals 
and menopause women [33,52]. Some women suffer from hot flashes which are 
characterized by episodic activation of heat dissipation (i.e., skin vasodilatation) and 
sweating [34]. In addition, they experience drop of body core temperature after the 
flashes [35]. It has been reported that the symptoms of hot flashes occur at a specific of 
a day [36–38]. Therefore, the depletion of estradiol affects circadian rhythm of body 
temperature. However, it still remains unclear how estradiol affects circadian body 
temperature regulation. 
Homeotherms have a biphasic pattern of body core temperature during a day, that 
is, it is low in an inactive period, and high in an active period. In rats, the inactive period 
is in a light phase and the active period is in a dark phase because they are nocturnal 
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animals. I have previously shown that the body core temperature shows the biphasic 
pattern during a day in female rats, although body core temperature is transiently 
decreased in the middle of the dark phase by the depletion of estradiol [53]. The 
fluctuation of body core temperature is determined by the opposing processes of heat 
production and heat loss. The decrease in body core temperature is associated with a 
decrease in heat production by reducing oxygen consumption and increase in heat loss 
from a tail which is a major effector of heat loss in rats [54]. The oxygen consumption in 
the dark phase does not change by depletion of estradiol in female rats [55,56]. It has 
been reported that the tail skin temperature is increased by skin vasodilation during the 
dark phase in the low-estradiol rats [57,58]. Therefore, the depletion of estradiol may 
transiently increase the heat loss in the dark phase, resulting in a decrease in body core 
temperature. 
In a high ambient temperature, body core temperature is maintained by the 
promotion of heat loss and inhibition of heat production. Previous reports showed that 
body core temperature in the ovariectomized rats is higher than that in the 
estradiol-treated rats in the high ambient temperature [57,59,60]. These previous 
studies reported that the tail skin temperature in the ovariectomized rats are also higher 
than in the estradiol-treated rats [57,59]. However, there are no reports which showed 
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that whether the heat production was reduced or not in the ovariectomized rats exposed 
to heat. Thus, it is still unknown how depletion of estradiol affects heat production 
response in the high ambient temperature. Therefore, the mechanism for the increase 
of body core temperature in the ovariectomized rats in the high ambient temperature is 
not fully understood. Moreover, these previous reports only indicated the effect of heat 
exposure in the light phase on body core temperature. The regulations of heat loss and 
heat production may differ in the light or dark phases in the high ambient temperature in 
the female rats. 
The purpose of the present study was to clarify whether the depletion of estradiol 
has an influence on body core temperature to heat exposure in the light or dark phases. 
I conducted 24-h measurement of core and tail temperatures and metabolic heat 
production in the female rats. In addition, I investigated the mechanism of the changes 
of body core temperature by affecting heat production and loss responses during heat 
exposure in the light or dark phases in the female rats. 
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2. Normal body temperature of healthy young adults at rest in a thermoneutral 
environment 
 
2.1. Summary 
 The aims of this study were to 1) evaluate whether recently introduced methods of 
measuring axillary temperature are reliable, 2) examine if individuals know their 
baseline body temperature based on an actual measurement, and 3) assess the factors 
affecting axillary temperature. Subjects were healthy young men and women (n= 76 and 
65, respectively). Three measurements were obtained: 1) axillary temperature using a 
digital thermometer in a predictive mode requiring 10 seconds (Tax-10 sec), 2) axillary 
temperature using a digital thermometer in a standard mode requiring 10 minutes (Tax-10 
min), and 3) tympanic membrane temperature continuously measured by infrared 
thermometry (Tty). Subjects answered questions about eating and exercise habits, sleep 
and menstrual cycles, and thermoregulation, and reported what they believed their 
regular body temperature to be (Treg). Treg, Tax-10 sec, Tax-10 min, and Tty were 36.2 ± 0.4 °C, 
36.4 ± 0.5 °C, 36.5 ± 0.4 °C, and 36.8 ± 0.3 °C (mean ± SD), respectively. There were 
correlations between Tty and Tax-10 min, Tty and Tax-10 sec, and Tax-10 min and Tax-10 sec (r = .62, 
r = .46, and r = .59, P < .001, respectively), but not between Treg and Tax-10 sec (r = .11, P 
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= .20). A lower Tax-10 sec was associated with smaller body mass indices and irregular 
menstrual cycles. Modern devices for measuring axillary temperature may have 
changed the range of body temperature that is recognized as normal. Core body 
temperature variations estimated by tympanic measurements were smaller than those 
estimated by axillary measurements. This variation of axillary temperature may be due 
to changes in the measurement methods introduced by modern devices and techniques. 
However, axillary temperature values correlated well with those of tympanic 
measurements, suggesting that the technique may reliably report an individual’s state of 
health. It is important for individuals to know their baseline axillary temperature to 
evaluate subsequent temperature measurements as normal or abnormal. Moreover, 
axillary temperature variations may, in part, reflect fat mass and changes due to the 
menstrual cycle. 
 
2.2. Methods 
(1) Subjects 
 Healthy college students were recruited for the study (76 males and 65 females, 
aged 20.7 ± 1.6 and 20.7 ± 1.9 years (mean ± SD), respectively). Experiments were 
conducted from August to October (autumn in Japan). Body temperature was measured 
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from 2:00 – 3:00 pm in an experimental room maintained at an ambient temperature of 
25.4 ± 2.0 °C and relative humidity of 62 ± 9% (mean ± SD, respectively). All subjects 
were instructed to wear light clothing (such as T-shirts and long pants) and no subjects 
reported discomfort during the study. Written informed consent was obtained from all 
individual participants prior to commencing the study. The Human Research Ethics 
Committee of the Faculty of Human Sciences of Waseda University approved all the 
procedures. The study was also conducted in accordance with the Declaration of 
Helsinki. 
Subjects were instructed to avoid exercise the day before the experiment and 
eschew food intake for one hour before arriving at the experimental room. In addition, I 
verified that subjects wore lighter clothes. While sitting in a chair for at least 30 minutes, 
the subjects completed a questionnaire (12 questions for males and 13 for females) 
about sleep and eating habits, menstrual cycle (females), exercise, and body 
temperature. The questionnaire included a question asking each participant to state his 
or her own regular body temperature (Treg). 
Axillary temperatures were determined with a digital thermistor probe (MC612, 
Omron Healthcare, Inc., Kyoto, Japan). The accuracy and resolving power of the 
thermistor sensor are ± 0.1 °C and 0.1 °C, respectively. The measurement was 
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performed twice, using different modes provided in the probe. One temperature was 
obtained using the standard mode: subjects were asked to place the thermometer in 
their axilla until the temperature displayed was stable, which usually took 10 minutes 
(Tax-10 min). The other was assessed using the predictive mode: subjects were instructed 
to place the thermometer in the same manner, and the value was determined by an 
algorithm (based on the immediate increase in temperature that occurs when the 
subject places the instrument) within 10 seconds (Tax-10 sec). Subjects conducted these 
measurements by themselves after instruction by a researcher. 
After the measurement of Tax-10 min and Tax-10 sec, the subject’s tympanic membrane 
temperature (Tty) was monitored with an infrared sensor probe (CE Thermo, NIPRO 
Corp., Osaka, Japan), as a surrogate for estimating core temperature [25,26]. The 
sensor probe was placed in the left ear canal with the assistance of a researcher. The 
probe occluded the ear canal, and the researcher adjusted the placement of the probe 
so as to make the sensor show the highest value (i.e., ideal direction of the probe). The 
data was recorded at 30-s intervals and stored on a computer, till when the value 
became stable (± 0.1 °C for 3min, usually took 10 – 15 min). 
 Body mass index was calculated as weight (kg)/height2 (m2) and classified as 
follows: underweight, 18.4 kg/m2 or below; normal weight, 18.5 – 24.9 kg/m2; overweight, 
13 
25.0 kg/m2 or above [61]. 
 
(2) Statistics  
 I drew histograms demonstrating the grouped Treg, Tax-10 sec, Tax-10 min, and Tty data. 
The data for each temperature measurement method was divided into interval widths of 
0.3 °C each, from 35.1 °C to 37.2 °C, and less than 35.1 °C and greater than 37.2 °C. 
The skewness and kurtosis were determined for each distribution (IBM SPSS Statistics 
for Windows, Version 22.0., IBM Corp., NY, USA). I hypothesized that the skewness and 
kurtosis were both 0 if the data showed normal distribution. 
 The difference of means between Treg, Tax-10 min, Tax-10 sec, and Tty was assessed by 
the one-way analysis of variance using SPSS software. A post hoc test was conducted 
using the Bonferroni method. 
 The correlations between Tax-10 min and Tax-10 sec, Tax-10 min and Tty, and Treg and Tax-10 
sec were evaluated by Pearson’s test. Fisher's z-transformation test was performed to 
examine the difference between the correlations. Linear regression analysis was also 
conducted using the method of least squares. 
I assumed a causal relationship between Tax-10 sec results and the questionnaire 
answers. First, I divided the subjects into two groups based on their Tax-10 sec: one group 
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with measurements lower than the Tax-10 sec median and the other with higher 
measurements. Each answer of the questionnaire was digitized and compared between 
the two groups using Student's t-test. The null hypothesis was rejected at P < .05. All 
values are expressed as the mean ± SD. 
 
2.3. Results 
Figures 1A-D show the frequency distributions of Treg, Tax-10 sec, Tax-10 min, and Tty, 
respectively. The mean values were 36.2 ± 0.4 °C, 36.4 ± 0.5 °C, 36.5 ± 0.4 °C, and 
36.8 ± 0.3 °C, respectively. Any pair of the means was different (P < .05). The median 
values of Treg, Tax-10 sec, Tax-10 min, and Tty were 36.2 °C, 36.4 °C, 36.5 °C, and 36.9 °C, 
respectively. The skewness was -0.40, 0.04, -0.66, and -0.82 in Treg, Tax-10 sec, Tax-10 min, 
and Tty, respectively, and the kurtosis was 0.51, -0.28, 0.54, and 1.02, respectively. 
Figure 2 shows scattergrams demonstrating the relationship between Tty and Tax-10 
min (A), Tty and Tax-10 sec (B), Tax-10 min and Tax-10 sec (C), and Treg and Tax-10 sec (D). There 
were significant correlations between Tty and Tax-10 min, Tty and Tax-10 sec, and Tax-10 min and 
Tax-10 sec (r = .62, P < .001; r = .46, P < .001; and r = .59, P < .001, respectively). However, 
there was no significant correlation between Treg and Tax-10 sec (r = .11, P = .20). The 
linear regression line equations for Tty and Tax-10 min, Tty and Tax-10 sec, and Tax-10 min and 
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Tax-10 sec were: y = 0.82x + 6.26, y = 0.64x + 12.94, and y = 0.62x + 13.80, respectively. 
The r-value for Tty and Tax-10 min was greater than that for Tty and Tax-10 sec (z = 2.64, P 
= .01). 
Table 1 summarizes the comparison of each answer in the questionnaire between 
the two groups we had defined by subject Tax-10 sec. The group with a Tax-10 sec below the 
median Tax-10 sec had a lower body mass index, and women in the groups had irregular 
menstrual cycles. 
 
2.4. Discussion 
The term “normal body temperature” is often used in clinical medicine and at home; 
however, the definition should be more sharply defined to avoid misunderstanding. I 
aimed to answer three fundamental questions regarding the normal body temperature 
(usually assessed by the value of axillary temperature) in the present study. First, I 
analyzed if variation in axillary temperature between subjects originated from a) 
technical errors in the measurement process, for example, incorrect placement of the 
measurement device, b) technological problems with the instrument itself, for instance, 
with the predictive algorithm, or c) individual differences in core body temperature. 
Second, I tested whether the body temperature subjects identified as their personal 
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body temperature corresponded with their measured body temperature. Third, I 
investigated if differences in axillary temperature reflect differences in physical, 
physiological, or behavioral characteristics or vice versa. 
I obtained Tty using continuous infrared thermometry as a surrogate for estimating 
core temperature. It has been reported that the value obtained by this method correlates 
well with the esophageal temperature at an ambient temperature 19 – 24 °C [25,26]. 
The ambient temperature is a factor affecting the reliability of the infrared thermometry. 
In addition, the sensor is needed to face to the tympanic membrane. The sensor probe 
used in the present study was designed to correct the influence by monitoring the 
ambient temperature and to fit to the ear canal, pointing to the tympanic membrane 
(based on the manual of the maker). I also tried to increase the reliability of the 
measurement by the methods as follows, besides collecting data of more than 100 
subjects. Measurements were conducted in a stable thermoneutral environment to 
minimize deviations from the core temperature. A researcher conducted the placement 
of the probe, making the sensor face to the tympanic membrane. The probe occluded 
the ear canal, which also minimized the influence of the ambient temperature. Moreover, 
I continuously measure Tty, till when the value became stable (usually took 10 – 15 min). 
I assume that, even if the sensor did not correctly point to the tympanic membrane, the 
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stabilizing period allowed the inner-ear temperature to become identical to the 
temperature of the tympanic membrane. The average was 36.8 ± 0.3 °C, and the 
coefficient of variation was 0.8%. This finding together with the higher value of the 
kurtosis for the frequency distribution of Tty could suggest that there was little 
interindividual difference in the core temperature. Although the skewness was less than 
0, the result may also suggest the accuracy of the measurement method (Figure 1D). 
Reports indicate that axillary temperature, although measured at the body surface, 
correlates well with core temperature [11,13,17,21–24]. In the present study, I also 
found a significant correlation between Tty and Tax-10 min (Figure 2A), although the 
frequency distribution of Tax-10 min was different from that of Tty (smaller kurtosis, Figures 
1C and D). Moreover, the regression slope was 0.82. These results may suggest that 
under the conditions present during my measurements, axillary temperature closely 
approximates the core temperature as previously reported. However, the value showed 
greater variation among subjects compared to Tty. In addition, Tty was higher than Tax-10 
min as previously reported [62]. Because the measurements were conducted in a similar 
environment and under the instruction and supervision of researchers, factors leading to 
measurement errors [9] may have been negligible. 
 There was a significant correlation between Tty and Tax-10 min, and Tty and Tax-10 sec 
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(Figures 2A and B). The correlation coefficient (r) for the correlation between Tty and 
Tax-10 sec was lower than that for the correlation between Tty and Tax-10 min. These results 
confirm that Tax-10 sec includes a greater error in estimated axillary temperatures as 
indicated by previous reports [12–14]. Moreover, the mean of Tax-10 sec was lower than 
that of Tax-10 min, which suggests that it is necessary to know an individual’s personal 
regular temperature as obtained by the standard method. This knowledge may help 
individuals to assess whether they have a fever correctly and, thus, evaluate their state 
of health more accurately. 
It seems to be accepted that “normal body temperature” is around 37.0 °C on 
average, although a range around this value (36.2 to 37.5 °C) is considered within 
normal limits [15,16]. However, in the present study, the averaged values estimated by 
axillary temperature measurements using a digital thermometer were lower than the 
accepted normal value (i.e. 36.2 °C on average). The reason remains unclear. 
Differences in sensor material and the use of a predictive mode may have resulted in 
lower values. 
In recent years, the axillary temperature is usually measured using a predictive 
mode, and all of the study participants regularly used this method of measurement. 
However, we did not find any correlation between Treg and Tax-10 sec (Figure 2D). This 
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result may suggest that the body temperature subjects believe to be their regular 
temperature is not based on the values they previously measured. However, I may have 
misinterpreted the data, because axillary temperature shows daily fluctuations and is 
influenced by the menstrual cycle [63,64]. 
Subjects with a Tax-10 sec below the median tended to have a lower body mass index 
(28% underweight, 0% overweight) compared to those whose Tax-10 sec was above the 
median (14% underweight, 78% normal weight, 8% overweight) (Table 1). A smaller 
subcutaneous fat mass may affect axillary temperature and be a factor involved in the 
interindividual difference we found. In addition, female subjects in the former group had 
irregular menstrual cycles. The disturbance of body temperature related to irregular 
menstrual cycles may influence axillary temperature. 
Twenty subjects (14% of the total subjects) reported a Treg below 36.0 °C. Eight of 
these subjects had a Tax-10 sec of < 36.0 °C. Although I did not find any relationship 
between these two variables (Figure 2D) for all subjects, these eight subjects may have 
reported their regular body temperature based on the knowledge of previous actual 
measurements. 
An individual’s axillary temperature is judged as normal or abnormal based on a 
previously determined value (i.e., 37.0 °C), and it is well known that normal body 
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temperature varies [15,16]. The present results may indicate that the normal 
temperature range has changed due to the use of digital thermometers that utilize 
predictive algorithms. My experiment included young and healthy subjects in an 
environment controlled to minimize factors that could potentially affect axillary 
temperature, although I did not consider gender differences including those related to 
menstruation. Even in the experimental environment, I found important interindividual 
differences. The present study suggests that each individual needs to be aware of his or 
her baseline temperature. The interindividual differences in axillary temperature may, in 
part, reflect measurement errors. However, I found a lower Tax-10sec was associated with 
lower body mass indices in male and female subjects and with irregular menstrual 
cycles. Because I did not assess physiological parameters such as metabolism, skin 
temperature, and skin blood flow, which may influence axillary temperature, the reasons 
for the observed interindividual variation remain unclear. Future studies are needed to 
clarify the mechanism underlying this variation. 
 Modern axillary temperature measurement techniques may have changed the 
range of normal body temperature; nonetheless, they are reliable enough to estimate 
core body temperature adequately. However, even between young and healthy subjects 
at rest in a comfortable environment, normal temperature shows significant variation. 
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My results suggest each individual should know his or her own regular temperature. 
Moreover, axillary temperature may reflect individual physical differences and diverse 
physiological states. Axillary temperature still has importance in evaluating health status, 
not only for determining if a fever is present but also for defining our baseline state of 
health. 
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3. The effect of estradiol depletion on daily changes of body temperature and 
heart rate in female rats 
 
3.1. Summary 
 We assessed the influence of estradiol depletion on daily changes of core 
temperature, spontaneous activity, and heart rate in female rats. In addition, we 
evaluated the effects of estradiol depletion on β-adrenoreceptors (AR) in the heart and 
plasma norepinephrine. Rats were bilaterally ovariectomized and two tubes that either 
contained estradiol (E2) or were empty (C) were placed subcutaneously in each rat’s 
abdominal cavity. The tubes were removed 10 days later. Core temperature and heart 
rates were continuously measured by biotelemetry before and 1, 7, and 21 days after 
removal of the tubes (PRE and Days 1, 7, and 21). Core temperature was higher in the 
E2 group than in the C group at 2330–0130 h on PRE and on Days 1–21. Core 
temperature exceeded the PRE level in the E2 group at 1430–1830 h on Days 1–21. 
Heart rates were lower in the E2 group than the C group throughout the day on PRE and 
on Days 1–21. β1-AR expression and plasma norepinephrine levels were lower in the E2 
group than in the C group on PRE. Heart rates in the E2 group exceeded the PRE level 
on Days 1–21. We concluded that the depletion of plasma estradiol modulates daily 
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changes of core temperature and heart rate, an effect that occurs immediately after the 
estradiol depletion. In addition, plasma norepinephrine and β-AR in the heart may at 
least partially affect heart rate. 
 
3.2. Methods 
Adult virgin female Wistar rats (n = 65; body weight, 150–250 g; age, 7–9 w; 
Takasugi Experimental Animals Supply, Saitama, Japan) were used in the present study. 
They were individually housed in plastic cages (45 × 25 × 20 cm) at an ambient 
temperature of 25°C under a 12/12-h light/dark cycle (lights on at 0700 h). Food and 
water were available ad libitum. By obtaining vaginal smears every day for 10 days, I 
verified that the rats all had regular estrous cycles. All experimental procedures were 
approved by the Institutional Animal Care and Use Committee, Waseda University. 
 
(1) Experiment 1: The effect of estradiol on core temperature, spontaneous 
activity, and heart rates in female rats  
Rats (n = 14) underwent surgery under inhalation anesthesia with 2% isoflurane 
(Abbott Japan, Tokyo, Japan) and air. A radio transmitter device for the measurements 
of core temperature, spontaneous activity, and electrocardiogram (26 × 8 mm, 2.2 g; 
PDT-4000 HR E-Mitter, Mini Mitter Company, Bend, USA) was implanted in the 
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abdominal cavity of each rat. The electrocardiogram was obtained from two electrode 
wires of the device that were placed under the chest skin. A bilateral ovariectomy was 
performed from the retroperitoneum. Penicillin G (1,000 U; Meiji Pharmaceutical, Tokyo, 
Japan) was subcutaneously injected to prevent post-surgical infection. Then, two silicon 
tubes (inner diameter 1.57 mm, outer diameter 3.18 mm, length 30 mm; Kaneka, Osaka, 
Japan) containing 17β-estradiol (E2; Sigma-Aldrich, St. Louis, USA) were 
subcutaneously placed in the rats of the treatment group (n = 7, E2 group), and two 
empty tubes were subcutaneously placed in the rats of the control group (n = 7, C 
group). The procedure for the preparation of the estradiol-containing tubes and the 
effect of these tubes on plasma estradiol level after placement were previously reported 
[40]. Briefly, each tube was filled with 50–60 mg of 17β-estradiol powder, and both ends 
were sealed with glue. The placement of the E2 tubes provided a constant plasma level 
of estradiol at least 9 days. In both groups, the tubes were removed 10 days after the 
surgery (Day 0) under anesthesia as previously described (Figure 3). Each rat’s core 
temperature, spontaneous activity, and electrocardiogram information were recorded for 
24 h before Day 0 (PRE) and on Days 1, 7, and 21. Heart rates were assessed form the 
R-R interval of the electrocardiogram. 
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(2) Experiment 2: The effect of estradiol on expression of β1- and 
β2-adrenoreceptors of the left cardiac ventricle  
Rats (n = 30) were divided into two groups (n = 15 each in the E2 and C groups), as 
in Experiment 1 and underwent the same surgery and removal of the tubes on the same 
schedule (Figure 3). In this experiment, five rats in each group were killed by i.p. 
injection of overdose pentobarbital Na+ (Kyoritsu Seiyaku, Tokyo, Japan) at 1300 h on 
PRE and Days 7 and 21, respectively. The cardiac muscle of the left ventricle and the 
blood of each animal were sampled. 
 
(3) Analyses of the cardiac muscle and blood  
The sampled cardiac muscle (200 mg) was homogenized in RIPA buffer. After the 
supernatant was decanted, the proteins were collected in a sample buffer (4× Laemmli 
Sample Buffer, Bio-Rad, Hercules, USA) and denatured for 5 min at 95°C. The protein 
concentration was determined by the BCA method (Pierce BCA Protein Assay Kit, 
Thermo Scientific, Waltham, USA). A 60-μg sample of protein was separated by 8% 
polyacrylamide-gel electrophoresis in the presence of sodium dodecyl sulfate and 
transferred to a polyvinylidene difluoride membrane. After being incubated in blocking 
solution (0.3% skim milk), the membrane was allowed to react with a rabbit polyclonal 
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primary antibody for β1- and β2-adrenoreceptors (ab3442 and 36956, respectively; 
1:1200; Abcam, Cambridge, England) for 1 h at room temperature. The membrane was 
washed three times with Tween 20 in Tris-buffered saline and then allowed to react with 
the secondary antibody (horseradish peroxidase-linked donkey anti-rabbit IgG; 1:5000, 
NA934; GE Healthcare UK, Amersham, England). The signal was developed by 
applying the substrate (HRP substrate; Immobilon Western; Millipore, Billerica, USA) 
and detected by chemiluminescence (LAS3000, FUJIFILM, Tokyo, Japan). The 
membrane was then blotted with mouse primary antibody of β-actin (1:1000, ab8226; 
Abcam, Cambridge, England) and the secondary antibody (horseradish 
peroxidase-linked rabbit anti-mouse IgG; 1:5000, ab6728; Abcam, Cambridge, 
England). The washing procedure and the signal detection were conducted in the same 
manner for the β1- and β2-adrenoreceptors. The intensity of the protein signals was 
determined with Multi Gauge V3.0 software (FUJIFILM, Tokyo, Japan). The expression 
levels of the β1- and β2-adrenoreceptors were shown as the relative values to that of 
β-actin. 
The blood was centrifuged at 4°C. The estradiol and norepinephrine levels in the 
plasma were determined by enzyme-linked immunosorbent assay (Estradiol EIA Kit; 
Cayman Chemical, Ann Arbor, USA; and Noradrenaline Research ELISA; LDN, 
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Nordhorn, Germany, respectively). The detection limits of estradiol and norepinephrine 
were 20 pg/ml and 0.1 ng/ml, respectively. The coefficient of variation of estradiol and 
norepinephrine were <13% and <12%, respectively. 
 
(4) Statistics  
All values are shown as the means ± standard error (SE). Values for core 
temperature and spontaneous activity were averaged every 30 min. Heart rate was 
averaged over 24-h period. Differences between C and E2 groups in each day were 
determined by two-way analysis of variance (ANOVA; SPSS, Chicago, USA). 
Differences in daily changes among four treatment days were evaluated by two-way 
ANOVA with repeated measures with SPSS. Post -hoc tests were conducted by the 
Tukey method. Differences in heart rate among four treatment days were evaluated by 
one-way ANOVA with repeated measures with SPSS. Difference in heart rate between 
C and E2 groups was assessed by Student’s t-test. The null hypothesis was rejected at 
P < 0.05. 
 
3.3. Results 
(1) Plasma estradiol level 
28 
Figure 4 shows the estradiol level in the plasma on PRE and Days 7 and 21 in the C 
and E2 groups. On PRE, the level was higher in the E2 group than in the C group (205.1 
± 20.6 and 36.7 ± 16.3 pg/ml, respectively). In the C group, plasma estradiol remained 
unchanged on PRE and on Days 7 and 21. On Days 7 and 21, the plasma estradiol 
level decreased from the value on PRE in the E2 group. There were no differences in the 
plasma level between the two groups on Days 7 and 21. 
 
(2) Experiment 1 
Figure 5 shows the 24-h change in core temperature on PRE in the C and E2 
groups (A), and on Days 1, 7, and 21 in the C and E2 groups (B-1 and B-2, respectively). 
The PRE value in each group was included in Figures 5B-1 and 2 to clarify the 
difference (dashed lines). On PRE, the core temperature was greater in the E2 group 
than in the C group at 2330–0130 h (Fig. 5A). The difference became the greatest at 
0100 h (0.8 ± 0.1°C). 
There were no differences in core temperature among the values on PRE and on 
Days 1, 7, and 21 in the C group (Figure 5B-1). In the E2 group, core temperature was 
higher than the PRE value at 1600–1800 h on Days 1, 7, and 21; however, there was no 
difference among the values during the three days (Figure 5B-2). Core temperature 
29 
throughout Day 7 in the E2 group was greater than that on PRE in the C group. In 
addition, core temperature on Day 21 in the E2 group was greater than that on Day 7 in 
the C group at 1000–1230, 2330–0130, and 0430–0630 h. 
Figure 6 illustrates the 24-h change in spontaneous activity on PRE in the C and E2 
groups (A), and on Days 1, 7, and 21 in the C and E2 groups (B-1 and B-2, respectively). 
The PRE value in each group was included in Figures 6B-1 and 2 to clarify the 
difference (dashed lines). There was no difference among the values for four days in 
each group (Figure 6B-1 and 2). 
Figure 7 shows the average over 24-h period in heart rates on PRE in the C and E2 
groups (A), and that on PRE, Days 1, 7, and 21 in the C and E2 groups (B-1 and B-2, 
respectively). The PRE value in each group was included in Figs. 7B-1 and 2 to clarify 
the difference (dashed lines). On PRE, heart rates in the E2 group were smaller than 
those in the C group (419 ± 13 and 363 ± 13 beats/min on average, respectively; Figure 
7A). 
In the C group, heart rates on Days 1 and 7 remained unchanged from the values 
on PRE; however, those on Day 21 were lower than those of PRE and Day 1 (369 ± 16, 
419 ± 13, and 409 ± 16 beats/min on average, respectively; Figure 7B-1). In the E2 
group, heart rates on Day 7 exceeded those of PRE (406 ± 13 and 363 ± 13 beats/min 
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on average, respectively; Figure 7B-2). Heart rates on Day 7 in the E2 group did not 
differ from those on PRE in the C group. In addition, heart rates on Day 21 in the E2 
group also did not differ from those on Day 7 in the C group. 
 
(3) Experiment 2 
Figure 8 shows the protein expression of the β1- (A) and β2-adrenoreceptors (B) of 
the left ventricle. The photo images on the top of each graph denote western blotting 
signals from PRE and Days 7 and 21 in the C and E2 groups. The expression of the 
β1-AR was lower in the E2 group than in the C group on PRE (Figure 8A). In the C group, 
the expression levels on Days 7 and 21 were lower than on PRE. However, in the E2 
group, no differences were observed on Days 7 and 21 from the value on PRE. In 
addition, there were no significant differences between the two groups on Days 7 and 
21. 
The expression of the β2-AR was greater in the E2 group than in the C group on 
PRE and on Days 7 and 21 (Figure 8B). The values on Days 7 and 21 did not differ from 
the value on PRE.   
Figure 9 shows the norepinephrine level in the plasma. The plasma level was lower 
in the E2 group than in the C group on PRE. In the C group, the level on Day 7 fell below 
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that of PRE, while the level on Day 21 exceeded the PRE level. In the E2 group, the 
levels on Days 7 and 21 were higher than on PRE. The value on Day 21 exceeded that 
of Day 7 in each group. On Days 7 and 21, there were no significant differences 
between the C and E2 groups. 
Table 2 summarizes the data for core temperature, heart rates, spontaneous activity, 
expression levels of β-AR, and plasma levels of norepinephrine and estradiol during the 
measurement period in Experiments 1 and 2. 
 
3.4. Discussion 
In the present study, I studied whether estradiol depletion modulates daily changes 
of core temperature and heart rate. I evaluated the effect of the estradiol through two 
different comparisons: i) comparing the core temperature and heart rate rhythms in 
ovariectomized rats that did and did not receive estradiol replacement; and ii) 
comparing the core temperature and heart rate before and after estradiol withdrawal 
from ovariectomized rats that had been receiving estradiol replacement. The estradiol 
depletion affected both core temperature and heart rate in a different ways. 
 
(1) Plasma estradiol level 
32 
On PRE, plasma estradiol levels in the E2 group rose to 6 times those in the C 
group. The level in the C group remained similar to that in the diestrus phase in normal 
rats (i.e., the lowest level in the estrus cycle) [40]. There were no differences among the 
values on PRE and Days 7 and 21 (Figure 4, Table 2) in the C group. The level in the E2 
group was 2 times higher than that in the proestrus phase in normal rats (i.e., the 
highest level in the estrus cycle) [40]. A previous study which used the same method of 
estradiol replacement showed that the physiological data were similar with proestrus 
level [40]. The estradiol level in the E2 group on Days 7 and 21 approached that of the C 
group. 
 
(2) Comparison of daily core temperature rhythm between the C and E2 groups 
 A difference in daily change of core temperature between the C and E2 groups was 
observed on PRE (Figure 5A, Table 2), although it was limited to the 2-h period in the 
middle of the dark phase. Previous studies reported that, during the dark phase, core 
temperature did not differ between ovariectomized rats that did and did not receive 
estradiol replacement [57,58]. However, these studies did not assess the daily change. 
Sanchez-Alavez et al. (2011) reported a similar decrease in core temperature during the 
dark phase, using ovariectomized mice [50]. 
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My data showed that spontaneous activity seemed to decrease, in association with 
the reduction of core temperature on PRE in the C group (Figure 6A). It has been 
reported that spontaneous activity decreases and paradoxical sleep during the dark 
phase increases after ovariectomy in rats [65–67]. As reported previously, estradiol 
shortened a period of the free-running activity rhythm of blind in rats [68] by changing 
the expression of clock-related genes [69]. Thus, the change in circadian core 
temperature rhythm may have partially reflected this spontaneous activity and 
disordered sleep rhythm. 
Hosono et al. (2001) reported greater tail vasodilation in ovariectomized rats during 
heat exposure [70]. In women suffering hot flashes, core temperature becomes lower 
during a peak frequency of hot flashes than that in asymptomatic women [38]. A sudden 
reduction in core temperature in the C group was observed at the time when the daily 
core temperature rhythm peaked in the E2 group. Nagashima et al. (2003) showed that, 
in male rats, the tail surface temperature exceeds that of the core temperature during 
dark phase [71], suggesting that tail skin blood flow is elevated. I did not assess the tail 
skin temperature in the present study. The results suggest that thermoregulatory skin 
vasodilation may have been augmented due to the circadian increase in core 
temperature, resulting in a decrease in core temperature. 
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(3) Changes in daily core temperature rhythm in the E2 group 
The comparison of the core temperature rhythms between the C and E2 groups 
indicated that the depletion of plasma estradiol might be associated with the daily core 
temperature change in the C group. However, on Days 1, 7, and 21 in the E2 group, the 
core temperature did not fall below the value on PRE was observed during the dark 
phase. On the contrary, core temperature increased from the PRE level during the late 
light phase on all three dates (Figure 5B-2, Table 2). Spontaneous activity also did not 
change from the PRE level on Days 1, 7, and 21 (Fig. 6B-2, Table 2). Thus, activity did 
not contribute to the change in daily core temperature rhythm in the E2 group. Therefore, 
the estimated effect of the estradiol depletion on daily core temperature rhythm differs 
substantially between the two study conditions. 
A comparison of the rhythms on PRE in the C group and on Day 7 in the E2 group, 
(i.e., 9 days after ovariectomy and 7 days after estradiol withdrawal), revealed that core 
temperature in the E2 group exceeded that in the C group throughout the day (Table 2). 
In addition, the same comparison between Day 7 in the C group and Day 21 in the E2 
group (17 days after the ovariectomy and 21 days after the estradiol withdrawal) 
indicated greater core temperature in the E2 group during several periods in both dark 
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and light phases (Table 2). Previous report showed that postmenopausal women who 
discontinued hormone replacement therapy had vasomotor symptoms (e.g., hot flashes 
and night sweats) again [29]. These results suggest that hormonal state prior to 
estradiol depletion was reflected in a change of the core temperature rhythm. For 
example, greater estradiol level or presence of plasma progesterone may affect 
averaged level of daily core temperature change. 
The effect of ovariectomy on daily core temperature rhythm remained unchanged 
on PRE and Days 1–21 in the C group. Moreover, on Day 7–21 in the E2 group, the core 
temperature rhythm did not change from that on Day 1 in the E2 group. Thus, the effect 
of estradiol depletion on the core temperature rhythm was evident immediately and 
lasted to Day 21. 
 
(4) Comparison of heart rate between the C and E2 groups 
The heart rates were higher in the C group than in the E2 group on PRE (Figure 7A, 
Table 2). However, the daily change of amplitude was similar between the two groups 
(153 ± 16 and 134 ± 9 beats/min in the C and E2 groups, respectively). The results 
clearly suggest that the effect of the estradiol depletion on heart rate (but not on core 
temperature) was similar throughout the day. In addition, estradiol depletion appears to 
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affect core temperature and heart rate through different mechanisms. Previous studies 
reported that single injection and chronic replacement of estradiol decreased heart rates 
in ovariectomized rats [41–43]. The plasma norepinephrine level was higher in the C 
group than in the E2 group (Figure 9). He et al. [43] reported that ovariectomized rats 
had greater sympathetic nerve activity, a finding that supports my results. The change in 
heart rates may reflect greater sympathetic nerve activity throughout the course of the 
day, although it remains unknown whether plasma norepinephrine was also higher 
throughout the day. 
 Another mechanism for the increased heart rates in the C group may be the 
expression of β-adrenoreceptors. β1-AR is associated with the chronotropic action of the 
heart [48], which was greater in the C group than in the E2 group (Figure 8A). Previous 
studies have also reported that protein expression [45–47] and mRNA of the β1-AR in 
rats’ hearts [47] increased after ovariectomy. The change of β1-AR expression from PRE 
to Day 7 suggests that ongoing effects of estradiol depletion (Figure 8A). On the 
contrary, β2-AR expression was lower in the C group than in the E2 group (Figure 8B). 
β2-AR is related to inotropic action of the heart. Several studies have shown that 
estradiol administration induces hypertension in ovariectomized rats [44,72–76]. Thus, 
the lower levels of β2-AR expression may reduce the inotropic action of the heart, 
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inducing a compensatory increase in heart rate to maintain cardiac output. 
 
(5) Changes in heart rate in the E2 group 
In the E2 group, the heart rates increased from those of PRE throughout Day 7 
(Figure 7B-2, Table 2). Plasma norepinephrine increased from the PRE level on Days 7 
and 21. However, there was no effect of estradiol depletion on the β-adrenoreceptors. 
Thus, estradiol depletion may increase heart rates via sympathetic activation, but not 
through changes in β-adrenoreceptors expression. 
I compared the heart rate between PRE in the C group and Day 7 in the E2 group 
and between Day 7 in the C group and Day 21 in the E2 group. However, there were no 
differences in the heart rate. Thus, estradiol depletion increases heart rates despite the 
previous hormonal state. 
Heart rate in the C group on Days 1 and 7 remained unchanged from the PRE level; 
however, they were lower on Day 21 (Figure 7B-1). A previous report also showed a 
reduction in heart rate one month after ovariectomy in rats [74]. Thus, the effect of the 
estradiol depletion on heart rate may extend only for a limited period. 
 
(6) Conclusion 
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In summary, the depletion of plasma estradiol in female rats immediately affects 
daily changes of core temperature and heart rate. The variation of core temperature 
after depletion of estradiol may be influenced by plasma estradiol and/or progesterone 
levels prior to the depletion. The depletion of estradiol affects daily heart rate rhythm in a 
different manner from that of the core temperature. The increase of heart rate after loss 
of estradiol was transient, and also was related to the β-adrenoreceptors in the heart 
and the plasma norepinephrine level. Among the contributing factors to heart rates, the 
norepinephrine level may be more important. 
These results suggest that core temperature and heart rate rhythms are also modulated 
in peri-menopausal women, whose estradiol levels decrease rapidly. I speculate that the 
modulated rhythms are associated with menopause syndromes such as hot flashes and 
palpitations. 
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4. The effect of estradiol depletion on thermoregulatory response and its 
circadian difference during a heat exposure in female rats 
 
4.1. Summary 
 I assessed the influence of estradiol on thermoregulatory response in female rats 
exposed to heat. Female Wistar rats were divided to four groups: ovariectomized rats 
with (E2 (+)) and without (E2 (-)) administered estradiol, and sham operated rats in 
proestrus (P) and diestrus (D) phases. Core temperature (Tcore) and tail temperature 
(Ttail) were measured with thermistor probes in the abdominal cavity and the proximal 
part in the subcutaneous tissue of the tail. Oxygen consumption (V
．
O2) was measured by 
open-circuit indirect calorimetry. Nine days after the surgery, at 2.5 h after lights-onset or 
lights-off, the rats were exposed to the ambient conditions of 28°C, 31°C, and 34°C 
subsequently for 1h each. In the light phase, there were no differences in Tcore and V
．
O2 
between E2 (-) and E2 (+) group, and between D and P groups. However, in the dark 
phase, Tcore was higher in the E2 (-) than the E2 (+) group, and was also higher in the D 
than P group. In addition, V
．
O2 in the E2 (-) and D groups were remained control level, 
although V
．
O2 during 34 °C exposure in E2 (+) and P groups were reduced from the 
control level. Ttail tended to be higher in the E2 (-) than the E2 (+) group both in the light 
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and dark phases. Tcore may be increased in female rats, when plasma estradiol level 
decreases; however, such response is limited in the dark phase. The increase in Tcore 
may be caused by greater metabolic rate even in heat. 
 
4.2. Methods 
 Adult virgin female Wistar rats (n = 48; body wt, 249 ± 25 g (mean ± SD); age, 9–11 
wks; Takasugi Experimental Animals Supply, Saitama, Japan) were used in the present 
study. They were individually housed in a plastic cage (45 × 25 × 20 cm) at an ambient 
temperature (Ta) of 25°C under a 12/12-h light/dark cycle (lights-on at 0700 h). Food 
and water were available ad libitum. All experimental procedures were approved by the 
Institutional Animal Care and Use Committee, Waseda University. 
 
(1) Surgery 
 All rats underwent surgery under inhalation anesthesia with 2% isoflurane (Abbott 
Japan, Tokyo, Japan) and air. A radio transmitter device for the measurements of 
abdominal temperature (Tcore), tail surface temperature (Ttail), and spontaneous activity 
(3.5 cm3, 7.5 g; F40-TT, Data Sciences International (DSI), St Paul, MN, USA) was 
implanted in the abdominal cavity of each animal. Two wire-type thermistors were 
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connected to the device (8 cm length): one was placed in the abdominal cavity for Tcore, 
and the other was passed through the abdominal cavity, and placed in the 
subcutaneous space of the tail (the lateral 2 cm from the tail root). Rats were further 
divided to two groups for two different experiments, which were to evaluate responses 
to heat in ovariectomized rats with and without estradiol replacement (Experiment 1, n = 
28) and normal female rats in different phase of estrus cycle (Experiment 2, n = 20), 
respectively. 
 In Experiment 1, rats were bilaterally ovariectomized via the retroperitoneal cavity. 
Then, a silicon tube (inner diameter 1.57 mm, outer diameter 3.18 mm, length 30 mm; 
Kaneka, Osaka, Japan) was placed in the subculatenous space of the right back. The 
tube was filled with or without 17β-estradiol (E2 (+) or E2 (-) group, n = 14 each). The 
tube for the E2 (+) group was prepared, filled with 50 – 60 mg 17β-estradiol powder 
(Sigma-Aldrich, St. Louis, MO, USA) and both ends sealed. An empty tube was used for 
E2 (-) group. In our preliminary finding, the placement of the tube with E2 provide a 
constant level of plasma estradiol for more than 9 days. Rats were allowed to recover 
from the surgery for 7 days from the surgery. 
 In Experiment 2, rats had just sham operation of the ovariectomy conducted in 
Experiment 1. The rats were sampled vaginal smears each day after the surgery. By 
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microscopic assessment, the estrus phase was determined [77]. The assessment was 
repeated until when two regular estrus cycles were observed (at least 10 days). All 
groups of rats had Penicillin G (1,000 U; Meiji Seika Pharma Co., Tokyo, Japan) injected 
to the subcutaneous tissue of the back to prevent post-surgical infection. 
  
(2) Heat exposure protocol and measurements 
 In both Experiments 1 and 2, each rat was moved to a Plexiglas box (35 × 20 × 20 
cm) in a climatic chamber (Program Incubator IN604, Yamato Scientific, Tokyo, Japan). 
The box was attached to an airflow system with a constant flow rate of 2.0 l/min. The 
difference in oxygen tension between the room air and the air that passed through the 
chamber was determined every 60 s with an electrochemical oxygen analyzer (model 
LC-700E, TORAY, Tokyo, Japan). Oxygen consumption rate (V
．
O2) was determined as 
the product of the difference in oxygen tension and airflow rate (indirect calorimetry). 
The values were divided by the 0.75 power of body weight (Brody-Kleiber formula) and 
corrected to STPD condition. Tcore, Ttail, and spontaneous activity were recorded every 
60 s with a data collection system (Dataquest A. R. T. software, DSI), which consisted of 
a receiver board (model RPC-1, DSI) under the cage connected to a personal computer. 
Ta in the chamber was continuously monitored with a thermistor and kept at 25.0 ± 
43 
0.2 °C. Each rat stayed in the condition for more than two days. The obtained data on 
the day in the box were used as the time control for those on the next days when heat 
exposure was conducted. On the heat exposure day, at 0930 or 2130 (2.5 h after 
lights-onset or lights-off), rats were sequentially exposed to an environment of 28°C, 
31°C, and 34°C for 1 h each. In Experiment 2, rats were divided to two groups so as to 
be in the proestrus (P group, n = 10) or diestrus phase (D group, n = 10) on the heat 
exposure day. Food and water were removed before the heat exposure. Body weight 
was measured before and after the heat exposure. 
  
(3) Blood sampling  
After the heat exposure, rats were killed by i.p. injection of overdose (50 mg/kg 
body wt) pentobarbital Na+ (Kyoritsu Seiyaku, Tokyo, Japan). A 2-ml blood sample was 
taken from the left ventricular cavity and centrifuged at 4 °C, and the plasma was stored 
at –80 °C. The estradiol level in the plasma was determined by enzyme-linked 
immunosorbent assay (Estradiol EIA Kit; Cayman Chemical, Ann Arbor, MI, USA). The 
detection limit of estradiol was 20 pg/ml. The coefficient of variation of estradiol was 
<13%. 
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(4) Data Analysis  
 To assess overall heat loss responses from the body core to the environment, 
whole body thermal conductance was calculated as V
．
O2 /(Tcore – Ta) [78,79].  
 The thermistor wire under the tail skin may reflect ambient temperature and body 
temperature besides skin blood flow of the tail. Therefore, to evaluate the efficiency of 
heat loss from the tail, we calculated the heat loss index at the tail as (Ttail – Ta)/(Tcore – 
Ta) [57]. The theoretical value of the index is between 0 and 1. 
 All values were shown as the means ± standard error (SE). Values of Tcore, Ttail, 
spontaneous activity, and V
．
O2 during the heat exposure were averaged every 5 min. 
Differences in plasma estradiol level among three groups were determined by one-way 
analysis of variance (ANOVA). Differences in daily changes and mean values during the 
temperature exposure among three groups were evaluated by two-way ANOVA. 
Differences between control and heat exposure in each group were evaluated by 
two-way ANOVA with repeated measures. Differences in V
．
O2, thermal conductance, 
and heat loss index during control and 34 °C among three groups were also evaluated. 
Post -hoc tests were conducted by the Tukey method. The null hypothesis was rejected 
at P < 0.05. The statistics were conducted with IBM SPSS Statistics for Windows, 
Version 22.0. (IBM Corp., Armonk, USA). 
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4.3. Results 
(1) Plasma level of estradiol  
 Figure 10 shows plasma estradiol levels in the E2 (-) and E2 (+) groups (A) in 
Experiment 1 and in the D and P groups (B) in Experiment 2. In Experiment 1, plasma 
estradiol level was lower in the E2 (-) group than in the E2 (+) group in the light phase 
(46.9 ± 5.7 and 141.9 ± 24.6 pg/ml, respectively) and in the dark phase (53.1 ± 4.4 and 
158.9 ± 41.1 pg/ml, respectively). In Experiment 2, the level was lower in the D group 
than in the P group in the light phase (46.8 ± 6.0 and 124.5 ± 29.0 pg/ml, respectively) 
and in the dark phase (42.6 ± 11.9 and 118.7 ± 6.0 pg/ml, respectively).There were no 
differences in the plasma level between the E2 (-) and D groups, and the E2 (+) and P 
groups. However, the level tended to be higher in the E2 (+) than in the P group (P = 
0.056). 
  
(2) Experiment 1, Responses to heat the E2 (-) and E2 (+) groups (influence of 
estradiol replacement in ovariectomized rats).  
 Figure 11 shows Tcore (A and C) and Ttail (B and D) during heat exposure. Figures 
11A and B denote the data in the light phase, and Figs. 11C and D in the dark phase. 
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The gray solid and dotted line in each figure is values during the same period on the 
previous day (i.e. time control at 25°C) in the E2 (-) and E2 (+) groups, respectively. 
 Tcore in the E2 (-) and E2 (+) groups (Fig. 11A) remained at the level of each time 
control in the light phase. There were no differences in Tcore between the E2 (-) and E2 
(+) groups (37.5 ± 0.1°C and 37.3 ± 0.1°C in average, respectively). In the dark phase, 
Tcore became higher than the the time control at 100 – 180 min (31°C and 34°C) in the E2 
(-) group, and at 10 – 20 (28°C) and 105 – 180 min (31°C and 34°C) in the E2 (+) group 
(Fig. 11C). Tcore was higher in the E2 (-) group than in the E2 (+) group at 55 – 85 (28°C 
and 31°C) and 120 – 180 min (34°C). 
 Ttail in the light phase were higher than the time control at 25 – 35 and 150 – 180 
min (28°C and 34°C) in the E2 (-) group, and at 0 – 15 and 160 – 180 min (28°C and 
34°C) in the E2 (+) group (Fig. 11B). In addition, Ttail was higher in the E2 (-) group than 
in the E2 (+) group at 10 – 30 min (28°C) and 80 – 100 min (31°C). In the dark phase, 
Ttail was higher than the time control at 75–180 min (31°C and 34°C) in the E2 (-) group, 
and at 95–180 min (31°C and 34°C) in the E2 (+) group (Fig. 11D).  
 Figure 12 shows V
．
O2 (A and C) and spontaneous activity (B and D) during heat 
exposure. Figures 12A and B denote the data in the light phase, and Figs. 12C and D in 
the dark phase. The gray solid and dotted line in each figure is values during the same 
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period on the previous day (i.e. time control at 25°C) in the E2 (-) and E2 (+) groups, 
respectively.  
 V
．
O2 in the light phase became lower than the time control at 0 – 20 and 95 – 115 
min (28°C and 31°C) in the E2 (-) group, and at 5 – 10, 95 – 105 and 125 – 135 min 
(28°C, 31°C, and 34°C) in the E2 (+) group (Fig. 12A). There were no differences in V
．
O2 
between the E2 (-) and E2 (+) groups. 
 In the dark phase, V
．
O2 was lower than the time control at 50 – 70 and 90 – 180 min 
(28°C, 31°C, and 34°C) in the E2 (+) group; however, that in the E2 (-) group remained 
unchanged from the time control (Fig. 12C). V
．
O2 in the E2 (-) group was higher than in 
the E2 (+) group at 50 – 70, 120 – 125, and 150 – 160 min (28°C, 31°C, and 34°C). 
 Both in the light and dark phases, spontaneous activity increased from the time 
control level at the onset of heat exposure (at 28°C) in both E2 (-) and E2 (+) groups 
(Figs. 12B and D). However, the activity remained at the control level during the rest of 
the period. There were no differences between the E2 (-) and E2 (+) groups. 
 
(3) Experiment 2, Responses to heat in the D and P groups (differences in estrus 
phases). 
 Figure 13 shows Tcore (A and C) and Ttail (B and D) during heat exposure. Figures 
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13A and B denote the data in the light phase, and Figs. 13C and D in the dark phase. 
The gray solid and dotted line in each figure is values during the same period on the 
previous day (i.e. time control at 25°C) in the D and P groups, respectively. Tcore in the D 
and P groups remained at the level of each time control in the light phase (Fig. 13A). 
There were no differences in Tcore between the D and P groups (37.5 ± 0.2°C and 37.3 ± 
0.3°C in average, respectively). In the dark phase, Tcore was higher than the time control 
at 5 – 35, 75 – 135, and 150 – 180 min (28°C, 31°C, and 34°C) in the D group, and at 0 
– 180 min (28°C, 31°C, and 34°C) in the P group (Fig. 13C). Tcore in the D group was 
higher than that in the P group throughout the heat exposure period. Both in the light 
and dark phases, there were no differences in Tcore between the E2 (-) and D groups, 
and the E2 (+) and P groups. 
 Ttail in the light phase were higher than the control level at 100 – 130 min (31°C and 
34°C) in the D group, and at 160–180 min (34°C) in the P group (Fig. 13B). There were 
no differences in Ttail between the D and P groups. In the dark phase, Ttail was higher 
than the control level at 125 – 180 min (34°C) in the D group, and at 165 – 180 min 
(34°C) in the P group (Fig. 13D). There were no differences between the D and P 
groups. Both in the light and dark phases, there were no differences in Ttail between the 
E2 (-) and D groups, and the E2 (+) and P groups. 
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 Figure 14 shows V
．
O2 (A and C) and spontaneous activity (B and D) during heat 
exposure. Figures 14A and B denote the data in the light phase, and Figs. 14C and D in 
the dark phase. The gray solid and dotted line in each figure is values during the same 
period on the previous day (i.e. time control at 25°C) in the D and P groups, 
respectively.  
 V
．
O2 in the light phase was lower than the time control at 40 – 50 min (28°C) in the D 
group, and at 85 – 90 and 125 – 150 min (31°C and 34°C) in the P group (Fig. 14A). In 
the dark phase, V
．
O2 in the P group was lower than the time control at 115 – 135 and 170 
– 180 min (31°C and 34°C) (Fig. 14C); however, that in the D group remained at the 
level of the time control. Both in the light and dark phases, there were no differences in 
V
．
O2 between the E2 (-) and D groups, and the E2 (+) and P groups. 
 Spontaneous activity in the D and P groups were at the level of control both in the 
light and dark phases (Fig. 14B and D). Both in the light and dark phases, there were no 
differences in spontaneous activity between the E2 (-) and D groups, and the E2 (+) and 
P groups. 
 Figure 15 shows the averaged values of V
．
O2 (A and C) and thermal conductance (B 
and D) during heat exposure in Experiment 1. Figures 15A and B denote the data in the 
light phase, and Figs. 15C and D in the dark phase. 
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 In the light phase, the averaged values of V
．
O2 during 31°C and 34°C exposure 
were lower than the value during 28°C exposure, and the value during 34°C exposure 
was lower than the value during 25°C exposure (Fig. 15A). In the dark phase, the 
averaged values of V
．
O2 during 31°C and 34°C exposure were lower than the value 
during 25°C and 28°C exposure. The averaged values of V
．
O2 during 31°C and 34°C 
exposure in the E2 (-) group was higher than in the E2 (+) group (Fig. 15C; 31°C, 16.9 ± 
0.4 and 15.0 ± 0.5 mi/min･kg body wt0.75; 34°C, 16.8 ± 0.6 and 14.9 ± 0.6 mi/min･kg 
body wt0.75, respectively). 
 In the light phase, the averaged values of thermal conductance during 28°C, 31°C, 
and 34°C exposure were higher than the value during 25°C exposure, the values during 
31°C and 34°C exposure were higher than the value during 28°C exposure, and the 
value during 34°C exposure was higher than the value during 31°C exposure (Fig. 15B). 
In the dark phase, the averaged values of thermal conductance during 31°C and 34°C 
exposure were higher than the values during 25°C and 28°C exposure, and the value 
during 34°C exposure was higher than the value during 31°C exposure (Fig. 15D). 
 Figure 16 shows the averaged values of V
．
O2 (A and C) and thermal conductance (B 
and D) during heat exposure in Experiment 2. Figures 16A and B denote the data in the 
light phase, and Figs. 16C and D in the dark phase.  
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 Both in the light and dark phases, the averaged values of V
．
O2 during 28°C, 31°C, 
and 34°C in the D and P groups were remained unchanged from 25°C. There were no 
differences between the D and P groups (Figs. 16A and C). 
 In the light phase, the averaged values of thermal conductance during 31°C and 
34°C exposure were higher than the value during 25°C exposure and the value during 
34°C exposure was higher than the values during 28°C and 31°C exposure (Fig. 16B). 
In the dark phase, the averaged value of thermal conductance during 34°C exposure 
was higher than the values during 28°C and 31°C exposure (Fig. 16D). 
 Figure 17 shows the averaged values of heat loss index in the light phase (A) and in 
the dark phase (B) in Experiment 1. In the light phase, the averaged values of heat loss 
index during 34°C exposure was higher than the value during 28°C exposure in the E2 
(+) group (Fig. 17A; 0.8 ± 0.03 and 0.6 ± 0.02, respectively). In the dark phase, the 
averaged values of heat loss index during 31°C and 34°C exposure were higher than 
the values during 25°C and 28°C exposure (Fig. 17B). 
 Figure 18 shows the averaged values of heat loss index in the light phase (A) and in 
the dark phase (B) in Experiment 2. Both in the light and dark phases, the averaged 
values of heat loss index during 28°C, 31°C, and 34°C in the D and P groups were 
remained unchanged from 25°C. There were no differences between the D and P 
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groups (Figs. 18A and B). 
 
4.4. Discussion 
 The aim of my study was to evaluate the effect of the estradiol depletion on the Tcore 
during heat exposure in the light or dark phases. In addition, I investigated whether heat 
production or loss responses affect the changes of Tcore during heat exposure in the 
female rats. My main finding was that Tcore was not changed by heat exposure in the 
light phase, regardless of plasma estradiol level in the female rats; however, in the dark 
phase, Tcore increased by depletion of estradiol in the female rats when exposed to heat. 
In addition, such increase in Tcore may be caused by greater metabolic rate even in the 
heat. 
 
(1) Plasma estradiol level 
I examined whether the depletion of estradiol affects Tcore when exposed to high Ta. 
The plasma estradiol level is lower in the E2 (-) group than in the E2 (+) group (Figs. 10A 
and B). In addition, I examined whether the estrous cycle affects Tcore when exposed to 
high Ta in the normal female rats. During the estrous cycle in the normal female rats, the 
plasma estradiol level is lowest in the diestrus phase and highest in the proestrus phase 
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[77]. In the present study, the plasma estradiol level in the D group was also lower than 
that in the P group (Figs. 10C and D). In addition, the level in the E2 (-) group was similar 
to that in the D group, and the level in the E2 (+) group was similar to that in the P group. 
  
(2) In the light phase 
 In the four groups, the values of Tcore were not different between during the heat 
exposure and 25°C exposure (Fig. 11A and Fig. 13A). In the high environmental 
temperature, homeothermic animals maintain Tcore by increasing heat loss and 
decreasing heat production. Ttail in a part of the light phase increased from the control in 
the four groups (Fig. 11B and Fig. 13B), although the values of HLI were not different 
between 34°C exposure and 25°C exposure (Fig. 17A and Fig. 18A). In addition, V
．
O2 in 
the light phase decreased from the control in the four groups (Fig. 12A and Fig. 14A). 
These results suggest that the female rats may maintain Tcore during heat exposure in 
the light phase by increasing heat loss from the tail and decreasing heat production. 
 It has been reported that Tcore in the ovariectomized rats in the light phase increase 
after heat exposure: 2–3 h exposure at 31°C [59], 3 h exposure at 33°C [57], 2–3 h 
exposure at 32.5–34°C [80], and 1.5 h exposure at 38°C [60]. However, in the present 
study, Tcore was not different between the E2 (-) and E2 (+) groups (Fig. 11A), and 
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between the D and P groups (Fig. 13A). Therefore, the condition of heat exposure (i.e., 
exposure time and temperature) may affect the change in Tcore in the light phase in the 
female rats. 
  
(3) In the dark phase 
In the four groups, the values of Tcore were higher during the heat exposure than 
during 25°C exposure (Fig. 11C and Fig. 13C), although the Tcore in the light phase was 
not different from the control level. It has been reported that the rats exposed to 42°C, 
which is a high Ta greater than their normal body core temperature, markedly decreased 
their spontaneous activity not to increase the heat production [81]. However, my data 
showed that the spontaneous activity during 28–34°C exposure in the dark phase was 
unchanged from the control level (Fig. 12D and Fig. 14D). My data also showed that 
there were no differences in the spontaneous activity in the light phase between 28–
34°C exposure and the control level (Fig. 12B and Fig. 14B); however, the values of 
spontaneous activity showed almost zero, because the light phase is the inactive phase 
in the rats. The previous report showed that the Wistar rats' thermoneutral zone, which 
is a range of temperature requiring little energy, is approximately range of 28–32°C [82]. 
Thus, exposure to 28–34°C for the Wistar female rats in the present study may not have 
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been strong enough to decrease the spontaneous activity in the dark phase. Therefore, 
the female rats at the hot environmental temperature not in excess of their normal body 
temperature may increase Tcore in the dark phase by the effect of this spontaneous 
activity compared to the light phase. 
 In the dark phase at Ta of 28–34°C, Tcore was higher in the female rats which had 
low plasma estradiol than those which had high plasma estradiol (Fig. 11C and Fig. 
13C). In the present study, there were no remarkable differences in Ttail and HLI 
between E2 (-) and E2 (+) groups and between D and P groups (Fig. 11D and Fig. 13D, 
and Fig. 17B and Fig. 18B). Therefore, the heat loss response from the tail during the 
heat exposure may not be affected by the depletion of estradiol. Previous studies show 
that the depletion of estradiol increased Ttail and HLI during the dark phase in female 
rats at a Ta of 24–25°C [57,58]. One possible factor is that, by the depletion of estradiol, 
the heat loss from the tail may become insufficient to reduce Tcore in the high Ta because 
the tail skin vasodilation already maximal occurred. 
 I also assessed the effect of heat production by estimating V
．
O2 in the high Ta. In a 
part of the dark phase at Ta of 28–34°C, V
．
O2 was higher in the E2 (-) group than in the 
E2 (+) group (Fig. 12C). In addition, in the E2 (+) and P groups, V
．
O2 decreased from the 
control level; however, V
．
O2 was unchanged from the control condition both in the E2 (-) 
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and D groups (Fig. 12C and Fig. 14C). Therefore, the hyperthermia in the E2 (-) and D 
groups may be induced by greater heat production. Previous studies show that the 
depletion of estradiol has no effect in V
．
O2 during the dark phase in female rats at a Ta of 
20–24°C [55,56]. However, it remains unknown whether the heat exposure affects the 
mechanism of heat production during the dark phase in the female rats. One possible 
factor for the great heat production in the heat by depletion of estradiol is greater 
sympathetic nerve activity. The sympathetic nerve activity induces an increase in 
metabolic rate. I previously showed that ovariectomized rats, from 9 days after the 
surgery, had greater heart rates in the dark phase at Ta of 25°C [53] by the greater 
sympathetic nerve activity. 
  
(4) Behavioral thermoregulatory response 
In a high environmental temperature, behavioral thermoregulatory responses (i.e., 
a grooming with saliva, an extended posture, and an escape behavior) are seen in rats 
[83]. The escape behavior occurs early in exposure to a high temperature [83]. In the 
present study, the spontaneous activity seemed to increase in the early phase of heat 
exposure both in the light and dark phase in the four groups (Figs. 12B and D, and Figs. 
14B and D). Therefore, the heat escape behavior may occur equally, regardless of the 
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plasma estradiol level and light/dark phases. I did not assess the behavioral 
thermoregulatory response in the present study. However, Baker et al. reported that an 
evaporative cooling by saliva decrease in ovariectomized rats exposed to 38°C [60]. 
Therefore, the behavioral response may be associated with the change of Tcore in the 
female rats in the heat. 
 
(5) Conclusion 
 In summary, the depletion of plasma estradiol in female rats increases Tcore in the 
dark phase in the heat. The increase of Tcore in the dark phase may be influenced by not 
the heat loss but the heat production response even in the heat. In addition, such 
phenomenon was confirmed in the estrous cycle in the normal female rats. 
These results suggest that menopausal women have a risk of the increase in Tcore 
in the active phase even if they are exposed to the low Ta than their normal body 
temperature.
58 
5. Acknowledgements 
I would like to express my heartfelt gratitude to Dr. Kei Nagashima, my supervisor, 
for providing me this precious study opportunity as a Ph.D. course student in his 
laboratory. In addition, I am deeply thankful to Dr. Yuki Uchida, Dr. Mayumi Matsuda, Dr. 
Ken Tokizawa, Dr. Korehito Yamanouchi, Dr. Shinichi Sakakibara, and Dr. Masaki 
Kakeyama for their helpful guidance and supports. Last but not least, I wish to thank my 
laboratory members for their animal care and assistance.  
 
59 
6. References 
1. van Marken Lichtenbelt WD, Schrauwen P, van De Kerckhove S, 
Westerterp-Plantenga MS. Individual variation in body temperature and energy 
expenditure in response to mild cold. Am. J. Physiol. Endocrinol. Metab. 
2002;282:E1077-83.  
2. Rising R, Keys A, Ravussin E, Bogardus C. Concomitant interindividual variation in 
body temperature and metabolic rate. Am. J. Physiol. 1992;263:E730-4.  
3. Tosini G, Menaker M. Circadian rhythm of body temperature in an ectotherm (Iguana 
iguana). J. Biol. Rhythms. 1995;10:248–55.  
4. Bennett AF, Ruben JA. Endothermy and activity in vertebrates. Science. 
1979;206:649–54.  
5. Burton AC. Human calorimetry II. The average temperature of the tissues of the body. 
J. Nutr. 1935;9:261–80.  
6. Kuwahara T, Inoue Y, Taniguchi M, Ogura Y, Ueda H, Kondo N. Effects of physical 
training on heat loss responses of young women to passive heating in relation to 
menstrual cycle. Eur. J. Appl. Physiol. 2005;94:376–85.  
7. Saunders AG, Dugas JP, Tucker R, Lambert MI, Noakes TD. The effects of different 
air velocities on heat storage and body temperature in humans cycling in a hot, humid 
60 
environment. Acta Physiol. Scand. 2005;183:241–55.  
8. Robinson JL. Body temperature measurement in paediatrics: Which gadget should 
we believe? Paediatr. Child Health. 2004;9:457–9.  
9. Robinson JL, Seal RF, Spady DW, Joffres MR. Comparison of esophageal, rectal, 
axillary, bladder, tympanic, and pulmonary artery temperatures in children. J. Pediatr. 
1998;133:553–6.  
10. Erickson RS, Woo TM. Accuracy of infrared ear thermometry and traditional 
temperature methods in young children. Heart Lung. 1994;23:181–95.  
11. Lodha R, Mukerji N, Sinha N, Pandey RM, Jain Y. Is axillary temperature an 
appropriate surrogate for core temperature? Indian J. Pediatr. 2000;67:571–4.  
12. Rubia-Rubia J, Arias A, Sierra A, Aguirre-Jaime A. Measurement of body 
temperature in adult patients: comparative study of accuracy, reliability and validity of 
different devices. Int. J. Nurs. Stud. 2011;48:872–80.  
13. Weiss ME, Richards MT. Accuracy of electronic axillary temperature measurement 
in term and preterm neonates. Neonatal Netw. 1994;13:35–40.  
14. Fallis WM, Christiani P. Neonatal axillary temperature measurements: a comparison 
of electronic thermometer predictive and monitor modes. J. Obstet. Gynecol. Neonatal 
Nurs. 2006;28:389–94.  
61 
15. Wunderlich, C.A. On the Temperature in Diseases: A Manual of Medical 
Thermometry. London New Sydenham Soc. 1871.  
16. Sund-Levander M, Forsberg C, Wahren LK. Normal oral, rectal, tympanic and 
axillary body temperature in adult men and women: a systematic literature review. 
Scand. J. Caring Sci. 2002;16:122–8.  
17. Falzon A, Grech V, Caruana B, Magro A, Attard-Montalto S. How reliable is axillary 
temperature measurement? Acta Paediatr. 2003;92:309–13.  
18. Chamberlain JM, Terndrup TE, Alexander DT, Silverstone FA, Wolf-Klein G, 
O’Donnell R, et al. Determination of normal ear temperature with an infrared emission 
detection thermometer. Ann. Emerg. Med. 1995;25:15–20.  
19. Işler A, Aydin R, Tutar Güven S, Günay S. Comparison of temporal artery to 
mercury and digital temperature measurement in pediatrics. Int. Emerg. Nurs. 
2014;22:165–8.  
20. Craig J V, Lancaster GA, Williamson PR, Smyth RL. Temperature measured at the 
axilla compared with rectum in children and young people: systematic review. BMJ. 
2000;320:1174–8.  
21. Charafeddine L, Tamim H, Hassouna H, Akel R, Nabulsi M, Haddock B, et al. 
Axillary and rectal thermometry in the newborn: do they agree? BMC Res. Notes. 
62 
BioMed Central; 2014;7:584.  
22. Mayfield SR, Bhatia J, Nakamura KT, Rios GR, Bell EF. Temperature measurement 
in term and preterm neonates. J. Pediatr. Mosby; 1984;104:271–5.  
23. León C, Rodríguez A, Fernández A, Flores L. Infrared ear thermometry in the 
critically ill patient. J. Crit. Care. 2005;20:106–10.  
24. Giuffre M, Heidenreich T, Carney-Gersten P, Dorsch JA, Heidenreich E. The 
relationship between axillary and core body temperature measurements. Appl. Nurs. 
Res. 1990;3:52–5.  
25. Hayase T, Yamakage M, Kiya T, Satoh J, Namiki A. [Usefulness of an 
earphone-type infrared tympanic thermometer for intraoperative core temperature 
monitoring]. Masui. 2007;56:459–63.  
26. Shibasaki M, Kondo N, Tominaga H, Aoki K, Hasegawa E, Idota Y, et al. Continuous 
measurement of tympanic temperature with a new infrared method using an optical fiber. 
J. Appl. Physiol. 1998;85:921–6.  
27. Finch CE. The menopause and aging, a comparative perspective. J. Steroid 
Biochem. Mol. Biol. 2014;142:132–41.  
28. Brunner RL, Aragaki A, Barnabei V, Cochrane BB, Gass M, Hendrix S, et al. 
Menopausal symptom experience before and after stopping estrogen therapy in the 
63 
Women’s Health Initiative randomized, placebo-controlled trial. Menopause. 
2010;17:946–54.  
29. Ness J, Aronow WS, Beck G. Menopausal symptoms after cessation of hormone 
replacement therapy. Maturitas. 2006;53:356–61.  
30. Ockene JK, Barad DH, Cochrane BB, Larson JC, Gass M, Wassertheil-Smoller S, et 
al. Symptom experience after discontinuing use of estrogen plus progestin. JAMA. 
American Medical Association; 2005;294:183–93.  
31. Topatan S, Yıldız H. Symptoms experienced by women who enter into natural and 
surgical menopause and their relation to sexual functions. Health Care Women Int. 
2012;33:525–39.  
32. Feldman BM, Voda A, Gronseth E. The prevalence of hot flash and associated 
variables among perimenopausal women. Res. Nurs. Health. 1985;8:261–8.  
33. Kronenberg F. Hot flashes: epidemiology and physiology. Ann. N. Y. Acad. Sci. 
1990;592:52-86-33.  
34. Takamatsu K, Ohta H, Makita K, Horiguchi F, Nozawa S. Effects of Counseling on 
Climacteric Symptoms in Japanese Postmenopausal Women. J. Obstet. Gynaecol. Res. 
2001;27:133–40.  
35. Freedman RR. Menopausal hot flashes: mechanisms, endocrinology, treatment. J. 
64 
Steroid Biochem. Mol. Biol. 2014;142:115–20.  
36. Albright DL, Voda AM, Smolensky MH, Hsi B, Decker M. Circadian rhythms in hot 
flashes in natural and surgically-induced menopause. Chronobiol. Int. 1989;6:279–84.  
37. Sievert LL, Reza A, Mills P, Morrison L, Rahberg N, Goodloe A, et al. Diurnal rhythm 
and concordance between objective andsubjective hot flashes : The Hilo Women ’ s 
Health Study. 2011;17:471–9.  
38. Freedman RR, Norton D, Woodward S, Cornélissen G. Core body temperature and 
circadian rhythm of hot flashes in menopausal women. J. Clin. Endocrinol. Metab. 
1995;80:2354–8.  
39. Uchida Y, Tokizawa K, Nakamura M, Mori H, Nagashima K. Estrogen in the medial 
preoptic nucleus of the hypothalamus modulates cold responses in female rats. Brain 
Res. 2010;1339:49–59.  
40. Uchida Y, Kano M, Yasuhara S, Kobayashi A, Tokizawa K, Nagashima K. Estrogen 
modulates central and peripheral responses to cold in female rats. J. Physiol. Sci. 
2010;60:151–60.  
41. Saleh TM, Connell BJ, Saleh MC. Acute injection of 17beta-estradiol enhances 
cardiovascular reflexes and autonomic tone in ovariectomized female rats. Auton. 
Neurosci. 2000;84:78–88.  
65 
42. El-Mas MM, Abdel-Rahman AA. Longitudinal assessment of the effects of 
oestrogen on blood pressure and cardiovascular autonomic activity in female rats. Clin. 
Exp. Pharmacol. Physiol. 2009;36:1002–9.  
43. He XR, Wang W, Crofton JT, Share L. Effects of 17beta-estradiol on sympathetic 
activity and pressor response to phenylephrine in ovariectomized rats. Am. J. Physiol. 
1998;275:R1202-8.  
44. Takezawa H, Hayashi H, Sano H, Saito H, Ebihara S. Circadian and estrous 
cycle-dependent variations in blood pressure and heart rate in female rats. Am. J. 
Physiol. 1994;267:R1250-6.  
45. Wu Q, Zhao Z, Sun H, Hao Y, Yan C, Gu S. Oestrogen changed cardiomyocyte 
contraction and beta-adrenoceptor expression in rat hearts subjected to 
ischaemia-reperfusion. Exp. Physiol. 2008;93:1034–43.  
46. Thawornkaiwong A, Preawnim S, Wattanapermpool J. Upregulation of beta 
1-adrenergic receptors in ovariectomized rat hearts. Life Sci. 2003;72:1813–24.  
47. Kam KWL, Qi JS, Chen M, Wong TM. Estrogen reduces cardiac injury and 
expression of beta1-adrenoceptor upon ischemic insult in the rat heart. J. Pharmacol. 
Exp. Ther. 2004;309:8–15.  
48. McDevitt DG. In vivo studies on the function of cardiac beta-adrenoceptors in man. 
66 
Eur. Heart J. 1989;10 Suppl B:22–8.  
49. Flores A, Gallegos AI, Velasco J, Mendoza FD, Montiel C, Everardo PM, et al. The 
acute effects of bilateral ovariectomy or adrenalectomy on progesterone, testosterone 
and estradiol serum levels depend on the surgical approach and the day of the estrous 
cycle when they are performed. Reprod. Biol. Endocrinol. 2008;6:48.  
50. Sanchez-Alavez M, Alboni S, Conti B. Sex- and age-specific differences in core 
body temperature of C57Bl/6 mice. Age (Dordr). 2011;33:89–99.  
51. Opas EE, Gentile MA, Kimmel DB, Rodan GA, Schmidt A. Estrogenic control of 
thermoregulation in ERalphaKO and ERbetaKO mice. Maturitas. 2006;53:210–6.  
52. Kobayashi T, Tamura M, Hayashi M, Katsuura Y, Tanabe H, Ohta T, et al. Elevation 
of tail skin temperature in ovariectomized rats in relation to menopausal hot flushes. Am 
J Physiol Regul. Integr. Comp Physiol. 2000;278:R863-869.  
53. Marui S, Uchida Y, Nagashima K. Daily Changes of Body Temperature and Heart 
Rate are Modulated after Estradiol Depletion in Female Rats. Anat. Physiol. OMICS 
International; 2016;6.  
54. Romanovsky AA, Ivanov AI, Shimansky YP. Selected contribution: Ambient 
temperature for experiments in rats: A new method for determining the zone of thermal 
neutrality. J. Appl. Physiol. 2002;92:2667–79.  
67 
55. Cavalcanti-de-Albuquerque JPA, Salvador IC, Martins EL, Jardim-Messeder D, 
Werneck-de-Castro JPS, Galina A, et al. Role of estrogen on skeletal muscle 
mitochondrial function in ovariectomized rats: a time course study in different fiber types. 
J. Appl. Physiol. 2014;116:779–89.  
56. Witte MM, Resuehr D, Chandler AR, Mehle AK, Overton JM. Female mice and rats 
exhibit species-specific metabolic and behavioral responses to ovariectomy. Gen. 
Comp. Endocrinol. 2010;166:520–8.  
57. Mittelman-Smith MA, Williams H, Krajewski-Hall SJ, McMullen NT, Rance NE. Role 
for kisspeptin/neurokinin B/dynorphin (KNDy) neurons in cutaneous vasodilatation and 
the estrogen modulation of body temperature. Proc. Natl. Acad. Sci. U. S. A. 
2012;109:19846–51.  
58. Williams H, Dacks PA, Rance NE. An improved method for recording tail skin 
temperature in the rat reveals changes during the estrous cycle and effects of ovarian 
steroids. Endocrinology. 2010;151:5389–94.  
59. Dacks PA, Krajewski SJ, Rance NE. Ambient temperature and 17β-estradiol modify 
Fos immunoreactivity in the median preoptic nucleus, a putative regulator of skin 
vasomotion. Endocrinology. 2011;152:2750–9.  
60. Baker MA, Dawson DD, Peters CE, Walker AM. Effects of estrogen on 
68 
thermoregulatory evaporation in rats exposed to heat. Am. J. Physiol. 1994;267:R673-7.  
61. Losing Weight, Body Mass Index [Internet]. [cited 2016 Sep 23]. Available from: 
http://www.nhlbi.nih.gov/health/educational/lose_wt/BMI/bmi_dis.htm 
62. Sund-Levander M, Grodzinsky E, Loyd D, Wahren LK. Errors in body temperature 
assessment related to individual variation, measuring technique and equipment. Int. J. 
Nurs. Pract. 2004;10:216–23.  
63. Thomas KA, Burr R, Wang S-Y, Lentz MJ, Shaver J. Axillary and thoracic skin 
temperatures poorly comparable to core body temperature circadian rhythm: results 
from 2 adult populations. Biol. Res. Nurs. 2004;5:187–94.  
64. Baker FC, Waner JI, Vieira EF, Taylor SR, Driver HS, Mitchell D. Sleep and 24 hour 
body temperatures: a comparison in young men, naturally cycling women and women 
taking hormonal contraceptives. J. Physiol. 2001;530:565–74.  
65. Colvin GB, Whitmoyer DI, Sawyer CH. Circadian sleep-wakefulness patterns in rats 
after ovariectomy and treatment with estrogen. Exp. Neurol. 1969;25:616–25.  
66. Fang J, Fishbein W. Sex differences in paradoxical sleep: influences of estrus cycle 
and ovariectomy. Brain Res. 1996;734:275–85.  
67. Izumo N, Ishibashi Y, Ohba M, Morikawa T, Manabe T. Decreased voluntary activity 
and amygdala levels of serotonin and dopamine in ovariectomized rats. Behav. Brain 
69 
Res. 2012;227:1–6.  
68. Albers HE, Gerall AA, Axelson JF. Effect of reproductive state on circadian 
periodicity in the rat. Physiol. Behav. 1981;26:21–5.  
69. Nakamura TJ, Moriya T, Inoue S, Shimazoe T, Watanabe S, Ebihara S, et al. 
Estrogen differentially regulates expression of Per1 and Per2 genes between central 
and peripheral clocks and between reproductive and nonreproductive tissues in female 
rats. J. Neurosci. Res. 2005;82:622–30.  
70. Hosono T, Chen X-M, Miyatsuji A, Yoda T, Yoshida K, Yanase-Fujiwara M, et al. 
Effects of estrogen on thermoregulatory tail vasomotion and heat-escape behavior in 
freely moving female rats. Am J Physiol Regul. Integr. Comp Physiol. 
2001;280:R1341-1347.  
71. Nagashima K, Nakai S, Matsue K, Konishi M, Tanaka M, Kanosue K. Effects of 
fasting on thermoregulatory processes and the daily oscillations in rats. Am. J. Physiol. 
Regul. Integr. Comp. Physiol. 2003;284:R1486-93.  
72. Morimoto K, Kurahashi Y, Shintani-Ishida K, Kawamura N, Miyashita M, Uji M, et al. 
Estrogen replacement suppresses stress-induced cardiovascular responses in 
ovariectomized rats. Am. J. Physiol. Heart Circ. Physiol. AMER PHYSIOLOGICAL 
SOC; 2004;287:H1950-6.  
70 
73. Bhatt JD, Gulati OD. The role of the sympathetic nervous system in 
oestrogen-induced hypertension in rats. Br. J. Pharmacol. 1986;89:685–91.  
74. Goldman RK, Azar AS, Mulvaney JM, Hinojosa-Laborde C, Haywood JR, Brooks VL. 
Baroreflex sensitivity varies during the rat estrous cycle: role of gonadal steroids. Am. J. 
Physiol. Regul. Integr. Comp. Physiol. 2009;296:R1419-26.  
75. Stubbs DH, Johnson JA, Ichikawa S, Fowler WL, Kilfoil J, Keitzer WF. Role of 
angiotensin II in oral contraceptive hypertension in anesthetized rats. Life Sci. 
1980;27:435–40.  
76. Fowler WL, Johnson JA, Kurz KD, Payne CG. Renin-angiotensin mechanisms in 
oral contraceptive hypertension in conscious rats. Am. J. Physiol. 1985;248:H695-9.  
77. Smith MS, Freeman ME, Neill JD. The control of progesterone secretion during the 
estrous cycle and early pseudopregnancy in the rat: prolactin, gonadotropin and steroid 
levels associated with rescue of the corpus luteum of pseudopregnancy. Endocrinology. 
1975;96:219–26.  
78. Bradley SR, Deavers DR. A re-examination of the relationship between thermal 
conductance and body weight in mammals. Comp. Biochem. Physiol. Part A Physiol. 
1980;65:465–76.  
79. Kleiber M. A new Newton’s law of cooling? Science. 1972;178:1283–5.  
71 
80. Dacks PA, Rance NE. Effects of estradiol on the thermoneutral zone and core 
temperature in ovariectomized rats. Endocrinology. 2010;151:1187–93.  
81. Clark R V. Behavioral thermoregulation by the white rat at high ambient 
temperatures. J. Exp. Zool. 1971;178:387–92.  
82. Poole S, Stephenson JD. Body temperature regulation and thermoneutrality. Q. J. 
Exp. Physiol. 1977;62:143–9.  
83. Gordon CJ. Thermal biology of the laboratory rat. Physiol. Behav. 1990;47:963–91.  
 
72 
7. Figure Legends 
Figure 1. Histograms demonstrating the grouped Treg, Tax-10 sec, Tax-10 min, and Tty data. 
Histograms of (A) Treg (median = 36.2 °C, skewness = -0.40, kurtosis = 0.51), (B) Tax-10 
sec (median = 36.4 °C, skewness = 0.04, kurtosis = -0.28), (C) Tax-10 min (median = 
36.5 °C, skewness = -0.66, kurtosis = 0.54), and (D) Tty (median = 36.9 °C, skewness = 
-0.82, kurtosis = 1.02) in healthy young men and women (n = 141). The data for each 
temperature measurement method was divided into interval widths of 0.3 °C, from 
35.1 °C to 37.2 °C, and less than 35.1 °C and greater than 37.2 °C. Treg, the regular 
body temperature each subject reported in the questionnaire, Tax-10 sec, axillary 
temperature measured with a digital thermometer in a predictive mode (10-second 
measurement), Tax-10 min, axillary temperature obtained using a standard method 
(10-minute measurement), Tty, tympanic membrane temperature by infrared 
thermometry. 
 
Figure 2. Scattergrams for Tty and Tax-10 min, Tty and Tax-10 sec, Tax-10 min and Tax-10 sec, and 
Treg and Tax-10 sec. Scattergrams for Tty and Tax-10 min (A), Tty and Tax-10 sec (B), Tax-10 min and 
Tax-10 sec (C), Treg and Tax-10 sec (D) from healthy young men and women (n = 141). 
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Figure 3. Experimental protocol. C group, ovariectomy without estradiol replacement; 
E2 group, ovariectomy with estradiol replacement, and the replacement was stopped 
one day before Day 1 (Day 0). PRE, one day before Day0; Days 1, 7, and 21, 1, 7, and 
21 days after the tubes’ removal. E2 depletion, the plasma estradiol level is similar to 
that in the diestrus phase in normal rats (shaded area). 
 
Figure 4. Plasma estradiol levels on PRE and Days 7 and 21 in the C and E2 groups. 
The values are the means ± SE (n = 5 on each day in the C and E2 groups, respectively). 
* Significant difference between the C and E2 groups, P < 0.05. # Significant difference 
from the value on PRE, P < 0.05. E2, 17β-estradiol. 
 
Figure 5. Daily change of core temperature on PRE and Days 1, 7, and 21 in the C 
and E2 groups. A) 24-h core temperature on PRE in the C and E2 groups. B-1 and B-2) 
the core temperature on Days 1, 7, and 21 in the C and E2 groups, respectively. Each 
value of PRE is superimposed as a dashed line. Each datum denotes a 30-min average. 
The values are the means ± SE (A, n = 7 in each group; B-1, n = 5; and B-2, n = 5) * 
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Significant difference between the C and E2 groups, P < 0.05. # Significant difference 
from the value on PRE, P < 0.05. 
 
Figure 6. Daily change of spontaneous activity on PRE and Days 1, 7, and 21 in the C 
and E2 groups. A) 24-h spontaneous activity on PRE in the C and E2 groups. B-1 and 
B-2) the spontaneous activity on Days 1, 7, and 21 in the C and E2 groups, respectively. 
Each value of PRE is superimposed as a dashed line. Each datum denotes a 30-min 
average. The values are the means ± SE (A, n = 7 in each group; B-1, n = 5; and B-2, n 
= 5). 
 
Figure 7. Average heart rate on PRE and Days 1, 7, and 21 in the C and E2 groups. A) 
average heart rate during 24-h on PRE in the C and E2 groups. B-1 and B-2) average 
heart rate during 24-h on PRE, Days 1, 7, and 21 in the C and E2 groups, respectively. 
The values are the means ± SE (A, n = 7 in each group; B-1, n = 5; and B-2, n = 5). * 
Significant difference between the C and E2 groups, P < 0.05. # Significant difference 
from the value on PRE, P < 0.05. † Significant difference between Day 1and Day 21, P < 
0.05.  
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Figure 8. Western blotting analysis of the β1- and β2-adrenoreceptors (AR) of the left 
ventricle of the heart. The bands denote the majority of the results obtained from the 
blotting. The graphs show the relative values of the signal strength of the β1- and β2-ARs 
to β-actin expression. The values are the means ± SE (n = 5 in the C and E2 groups, 
respectively). * Significant difference between the C and E2 groups, P < 0.05. # 
Significant difference from the value on PRE, P < 0.05. 
 
Figure 9. Plasma norepinephrine levels on PRE and Days 7 and 21 in the C and E2 
groups. The values are the means ± SE (n = 5 on PRE, Day 7, and Day 21 in the C and 
E2 groups, respectively). * Significant difference between the C and E2 groups, P < 0.05. 
# Significant difference from the value on PRE, P < 0.05. + Significant difference 
between Day7 and Day 21, P < 0.05. 
 
Figure 10.  Plasma estradiol levels in the E2 (-) and E2 (+) groups in the light phase (A) 
and in the dark phase (B), and in the D and P groups in the light phase (C) and in the 
dark phase (D). The values are the means ± SE (A, B n = 7 on each group, C, D n = 5 
on each group). * Significant difference between the E2 (-) and E2 (+) groups or D and P 
groups, P < 0.05. E2 17β-estradiol, D diestrus, P proestrus. 
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Figure 11.  Changes in body core temperature (Tcore) and tail skin temperature (Ttail) in 
the light phase (A, B) and in the dark phase (C, D) in Experiment 1, respectively. Tcore 
and Ttail are shown as the 5 min average. Each value of the control level is 
superimposed as a gray line. The values are the means ± SE (n = 7 on each group). * 
Significant difference between the E2 (-) and E2 (+) groups, P < 0.05. § Significant 
difference from the baseline value in the E2 (-) group, P < 0.05. # Significant difference 
from the baseline value in the E2 (+) group, P < 0.05. 
 
Figure 12.  Changes in oxygen consumption (V
．
O2) and spontaneous activity in the 
light phase (A, B) and in the dark phase (C, D) in Experiment 1, respectively. V
．
O2 and 
spontaneous activity are shown as the 5 min average. Each value of the control level is 
superimposed as a dashed line. The values are the means ± SE (n = 7 on each group). 
* Significant difference between the E2 (-) and E2 (+) groups, P < 0.05. § Significant 
difference from the baseline value in the E2 (-) group, P < 0.05. # Significant difference 
from the baseline value in the E2 (+) group, P < 0.05. 
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Figure 13.  Changes in body core temperature (Tcore) and tail skin temperature (Ttail) in 
the light phase (A, B) and in the dark phase (C, D) in Experiment 2, respectively. Tcore 
and Ttail are shown as the 5 min average. Each value of the control level is 
superimposed as a gray line. The values are the means ± SE (n = 5 on each group). * 
Significant difference between the D and P groups, P < 0.05. § Significant difference 
from the baseline value in the D group, P < 0.05. # Significant difference from the 
baseline value in the P group, P < 0.05. 
 
Figure 14.  Changes in oxygen consumption (V
．
O2) and spontaneous activity in the 
light phase (A, B) and in the dark phase (C, D) in Experiment 2, respectively. V
．
O2 and 
spontaneous activity are shown as the 5 min average. Each value of the control level is 
superimposed as a dashed line. The values are the means ± SE (n = 5 on each group). 
§ Significant difference from the baseline value in the D group, P < 0.05. # Significant 
difference from the baseline value in the P group, P < 0.05. 
 
Figure 15.  Average V
．
O2 and thermal conductance at 25°C, 28°C, 31°C and 34°C in 
the light phase (A, B), and in the dark phase (C, D) in Experiment 1, respectively. The 
values are the means ± SE (n = 7 on each group). * Significant difference between the 
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E2 (-) and E2 (+) groups, P < 0.05. † Significant difference from the value at 25°C, P < 
0.05. ‡ Significant difference from the value at 28°C, P < 0.05. ¶ Significant difference 
from the value at 31°C, P < 0.05. 
 
Figure 16.  Average V
．
O2 and thermal conductance at 25°C, 28°C, 31°C and 34°C in 
the light phase (A, B), and in the dark phase (C, D) in Experiment 2, respectively. The 
values are the means ± SE (n = 5 on each group). † Significant difference from the 
value at 25°C, P < 0.05. ‡ Significant difference from the value at 28°C, P < 0.05. ¶ 
Significant difference from the value at 31°C, P < 0.05.  
 
Figure 17.  Average heat loss index 25°C, 28°C, 31°C and 34°C in the light phase (A), 
and in the dark phase (B) in Experiment 1. The values are the means ± SE (n = 5 on 
each group). † Significant difference from the value at 25°C, P < 0.05. ‡ Significant 
difference from the value at 28°C, P < 0.05.  
 
Figure 18. Average heat loss index 25°C, 28°C, 31°C and 34°C in the light phase (A), 
and in the dark phase (B) in Experiment 2. The values are the means ± SE (n = 5 on 
each group).   
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8. Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Histograms demonstrating the grouped Treg, Tax-10 sec, Tax-10 min, and Tty data   
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Figure 2. Scattergrams for Tty and Tax-10 min, Tty and Tax-10 sec, Tax-10 min and Tax-10 sec, and 
Treg and Tax-10 sec 
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Table 1. The comparison of each answer in the questionnaire between the two groups 
defined by Tax-10 sec
 
* P values were calculated using Student's t-test.  
mean ± SD 　Tax-10sec< 36.4 °C Tax-10sec≥ 36.4 °C P value (*, if < 0.05)
1. Body mass index (height and body weight)? 20.5 ± 2.2 20.0 ± 1.9 21.1 ± 2.4    .01 *
2. How many times do you have meal a day? 2.8 ± 0.5 2.8 ± 0.4 2.9 ± 0.6 .38
3. Do you eat something between meals?
      Answer (1: many times　2: sometimes　3: seldom)
4. Do you eat something in midnight?
     Answer (1: many times　2: sometimes　3: seldom)
5. How many days do you take alcohol a week? 1.0 ± 1.5 1.0 ± 1.4 1.0 ± 1.5 .75
6. Do you think your meal is well-balanced diet?
      Answer (1: Yes　2: No)
7. Do you try reducing caloric intake to control body weight?
      Answer (1: Yes　2: No)
8. How many hours do you sleep? 6.7 ± 1.2 6.7 ± 1.3 6.8 ± 1.2 .82
9. How many hours do you exercise a week? 3.9 ± 6.1 3.4 ± 5.3 4.8 ± 6.9 .19
10. Do you think that you are very sensitive to cold environment?
        Answer (1: Yes　2: No)
11. How often do you use an air conditioner in summer?
       Answer (1: many times　2: sometimes　3: seldom)
12. How high is your normal body temperature? 36.2 ± 0.4 36.2 ± 0.4 36.2 ± 0.4 .20
13. For only female: Do you have a regular menstruation cycle?
       Answer (1: Yes　2: No)
1.5 ± 0.5 1.5 ± 0.5 1.5 ± 0.5 .82
1.9 ± 0.8 1.9 ± 0.8 2.0 ± 0.7 .56
2.3 ± 0.8 2.3 ± 0.8 2.4 ± 0.8 .81
1.3 ± 0.5 1.5 ± 0.5 1.2 ± 0.4    .01 *
1.9 ± 0.3 1.9 ± 0.3 2.0 ± 0.2 .16
1.6 ± 0.5 1.5 ± 0.5 1.7 ± 0.5 .12
1.9 ± 0.8 1.9 ± 0.8 2.0 ± 0.8 .51
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Figure 3. Experimental protocol  
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Figure 4. Plasma estradiol levels on PRE and Days7 and 21 in the C and E2 groups  
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Figure 5. Daily change of core temperature on PRE and Days 1, 7, and 21 in the C and 
E2 groups 
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Figure 6. Daily change of spontaneous activity on PRE and Days 1, 7, and 21 in the C 
and E2 groups  
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Figure 7. Average heart rate on PRE and Days 1, 7, and 21 in the C and E2 groups  
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Figure 8. Western blotting analysis of the β1- and β2-adrenoreceptors of the left ventricle 
of the heart  
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Figure 9. Plasma norepinephrine levels on PRE and Days7 and 21 in the C and E2 
groups
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Table 2. Summary of the data of core temperature, heart rates, spontaneous activity, 
expressions of the β1 and 2-adrenoreceptors (AR), and plasma levels of norepinephrine 
and estradiol in Experiments 1 and 2. OVX, bilateral ovariectomy; C group, ovariectomy 
without estradiol replacement; E2 group, ovariectomy with estradiol replacement, and 
the replacement was stopped the day before Day 1.   
PRE (9 days after OVX) Day 1 (11 days after OVX) Day 7 (17 days after OVX) Day 21  (31 days after OVX)
core temperature no change from PRE no change from PRE no change from PRE
heart rates no change from PRE no change from PRE lower than PRE and Day 1
spontaneous activity no change from PRE no change from PRE no change from PRE
b1-AR expression smaller than PRE smaller than PRE
b2-AR expression no change from PRE no change from PRE
noradrenaline lower than PRE higher than PRE
estradiol no change from PRE no change from PRE
core temperature
greater than the C group
at 2330-0130 h
greater than PRE at 1600-1800 h
greater than PRE at 16-1800
greater than PRE of the C group
greater than PRE at 1600-1800 h
greater than PRE of the C group at
1000-1230, 2330-0130, and 0430-0630 h
heart rates smaller than the C group no change from PRE
greater than PRE
no change from PRE of the C group
no change from PRE
no change from Day 7 of the C group
spontaneous activity no change from PRE no change from PRE no change from PRE
b1-AR expression smaller than the C group no change from PRE no change from PRE
b2-AR expression greater than the C group greater than the C group greater than the C group
noradrenaline lower than the C group higher than PRE higher than PRE
estradiol higher than the C group lower than PRE lower than PRE
C group
E2 group
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Figure 10. Plasma estradiol levels in the E2 (-) and E2 (+) groups in the light phase (A) 
and in the dark phase (B), and in the D and P groups in the light phase (C) and in the 
dark phase (D)  
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Figure 11. Changes in body core temperature (Tcore) and tail skin temperature (Ttail) in 
the light phase (A, B) and in the dark phase (C, D) in Experiment 1  
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Figure 12. Changes in oxygen consumption (V
．
O2) and spontaneous activity in the light 
phase (A, B) and in the dark phase (C, D) in Experiment 1 
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Figure 13. Changes in body core temperature (Tcore) and tail skin temperature (Ttail) in 
the light phase (A, B) and in the dark phase (C, D) in Experiment 2  
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Figure 14. Changes in oxygen consumption (V
．
O2) and spontaneous activity in the light 
phase (A, B) and in the dark phase (C, D) in Experiment 2  
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Figure 15. Average V
．
O2 and thermal conductance at 25°C, 28°C, 31°C and 34°C in the 
light phase (A, B), and in the dark phase (C, D) in Experiment 1  
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Figure 16. Average V
．
O2 and thermal conductance at 25°C, 28°C, 31°C and 34°C in the 
light phase (A, B), and in the dark phase (C, D) in Experiment 2 
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Figure 17. Average heat loss index 25°C, 28°C, 31°C and 34°C in the light phase (A), 
and in the dark phase (B) in Experiment 1  
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Figure 18. Average heat loss index 25°C, 28°C, 31°C and 34°C in the light phase (A), 
and in the dark phase (B) in Experiment 2 
